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COMPUTER PROGRAM DESCRIBING TURBINE AERODYNAMIC REQUIREMENTS,
APPROXIMATE EXTERNAL BLADE GEOMETRIES, AND COOLANT FLOW
REQUIREMENTS FOR A TWO-STAGE AXIAL-FLOW TURBINE
by Keith A. Furgalus, David G. Evans, and Michael R. Vanco

Lewis Research Center

SUMMARY

A computer code was written which enables a turbine designer to simultaneously
determine turbine aerodynamic requirements, approximate external blade geometries,
and turbine blade and hub and tip wall coolant flow requirements for a two-stage, air-
cooled, axial-flow turbine.

Using a free vortex flow model, turbine hub, mean, and tip velocity diagrams are
generated, along with preliminary inner-stage gas temperatures and pressures.

Approximate external blade dimensions for each blade row are determined. These
are based on design data obtained from a survey of existing high-performance aircraft
gas turbine stator and rotor blades. The resultant designs are able to utilize reasonable
air cooling schemes, if cooling is required, and at the same time have good aerodynamic
performance.

Blade coolant flows are computed by a simplified method based on an assumed
blade thermodynamic cooling effectiveness. The heat-sink capacity available from the
cooling air is made to balance the heat sink required to cool each blade row. The blade
cooling air is adiabatically mixed with the main gas stream. The innerstage tempera-
tures and annulus areas are adjusted accordingly.

Blade hub and tip walls are assumed to be cooled with a tangentially injected air
film. The inclusion of this wall coolant in the calculations is optional.

'INTRODUCTION

Several computer codes are available for computing turbine velocity diagrams
(refs. 1 and 2). Also, several are available which predict turbine blade coolant flow



requirements and/or metal temperatures. It was felt that there was a need to integrate
some of the previous efforts in these areas into one package that would enable a designer
to simultaneously determine turbine aerodynamic requirements, external blade geome-
tries, and coolant flow requirements.

A program was written which meets these objectives for a two-stage, air-cooled,
axial-flow turbine. The program was originally developed to generate designs for a
turbojet-powered, Mach 3 transport using methane fuel (ref. 3). Based on considera-
tions of turbine efficiency, size, weight, stress, and cooling requirements, it was felt
that two-stage turbines were best suited to this application. Hence, the analysis was
restricted to two-stage designs. The program can, however, be used in any application
where a two-stage design is desired.

A complete discussion of the assumptions, equations, computation procedures, and
computer program is presented along with a complete sample problem.

A FORTRAN 1V program deck is available from the authors.

ASSUMPTIONS

The following assumptions were made in the analysis:

(1) A two-stage turbine is designed.

(2) A free vortex distribution of the flow from blade hub to tip is assumed in gener-
ating the velocity diagrams.

(3) The velocity diagrams are generated assuming a constant turbine mean diameter
DM, a constant main gas stream specific heat Cp, , and a constant main gas stream
specific heat ratio. v_. The blade coolant airflows are assumed to contribute one-half
of the equivalent specific work output of the turbine main gas stream. One-half of the
total blade coolant flow is added at the inlet to the turbine in the calculation of the veloc-
ity diagrams only. The other half is assumed to bypass the turbine for this computation.

(4) External blade profiles are determined from design curves obtained from a sur-
vey of existing stator and rotor blade profiles from high-performance aircraft gas tur-
bine engines.

(5) Blade coolant airflows are calculated for each row by the simplified method pre-
sented in reference 4.

(6) Blade coolant airflows are mixed with the main gas stream at the exit of each
blade row. Turbine inner-stage annulus areas and temperatures are adjusted to account
for the mass flow and energy addition effects of the blade cooling air.

(7) All flow velocities, flow angles, and blade mean diameters are fixed during the
calculations of cooling flow requirements to assure no change in turbine work output.



(8) Hub and tip wall coolant airflows can be computed if desired. The walls are
cooled by a tangentially injected air film that is assumed to mix with the main gas
stream only at the turbine exit. It is also assumed that the wall cooling airflow does
not contribute to the work output of the turbine.

PROGRAM DESCRIPTION

The following description outlines the equations and computation procedures em-
ployed by the computer program. It is infended to serve as a user's guide to enable the
designer to better understand and more effectively utilize the computer program.

The program is divided into three main sections. The first is the main program
(TD), which computes the basic turbine velocity diagrams and preliminary inner-stage
thermodynamic data (i.e., main gas stream temperatures and pressures). The second
is subroutine SURC, which calculates the approximate external blade profiles and sur-
face areas. The third is subroutine COOL, which computes the required blade coolant
airflows, mixes these flows with the main gas stream, and iterates until the correct
combinations of blade cooling flows, inner-stage gas temperatures, and blade heights
are found. It also computes the required turbine hub and tip wall coolant flows. A de-
scription of the calculations involved in each of these programs follows.

Program TD - Velocity Diagram Calculations

As was previously mentioned, this program calculates the velocity diagrams and
preliminary inner-stage temperatures and pressures. The velocity diagrams are based
on a free vortex distribution of the flow from blade hub to tip between each blade row
using the equations for simplified radial equilibrium:

Ve = Constant (1)
r(Vu) = Constant (2)

(Turbine velocity diagram nomenclature is defined in appendix C and fig. 1(a).) A con-
stant mean diameter Dy gas specific heat Cp, g’ and gas specific heat ratio y_ are
assumed throughout the turbine. The velocity diagrams are made to satisfy the turbine
work and hub reaction values specified in the input data. In order to allow for the addi-
tional annulus area required to pass the blade cooling air, one-half of the estimated
blade coolant airflow is added to the turbine inlet weight flow to determine the radius at
which the hub and tip diagrams are determined in the velocity diagram calculations.



This cooling air is assumed fo contribute one-half of the equivalent specific work out-
put of the main gas stream. A detailed description of the calculations for each stage
follows, ‘

Second stage. - The design begins at the second-stage rotor exit. The exit total
temperature and pressure are calculated from the given input:

Ah
1 _ ot t, TOT
Tow=Ty-—— (@)
P, g
Y
-1
Ah 7
p| = p' 1 - t’ TOT (4)
2, v = PLI\" T T
p,g 1,1TOT

Note that Aht’ TOT includes the contribution that the blade coolant air makes to the tur-
bine work output. This work contribution is discussed later, in the description of sub-
routine COOL. The blade exit tip speed is computed from the input values of exit tip
radius and turbine rotative speed:

#Nr
T,2,IV
U = 242V
T, 2, IV 30 ®)
Using the specified exit hub-tip radius ratio, the hub radius is computed:
T
TH,2,Iv T\ TT,2,Iv (6)
g, 1v
The mean radius is computed:
(ry + Tr)
: 2 Taw ™
M, 2,1V 2

The mean exit whirl is computed:

1
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where (Vu/V CI,) is specified in the input data. The whirl at the hub and tip are
M,2,IV

computed: T

(Vur)

M, 2,1V

Vu,H,Z,IV= - )
H,2,1V
(V r) A
u
_ M, 2,1V
Vu,T,Z,IV_ T (10)
T,2,IV

The axial absolute velocity VX 2.1V is computed in subroutine VXR:

Wi
VX’ 2,1V = - (11)
21 [T p(e)rar
H 2,1V
A checkis madetodetermine whether the computed value of (VX/ v cr) exceeds the

2,1V
input limiting value VXEL. If it does, the calculations are terminated and an error mes-

sage is printed out indicating that the exit tip diameter must be changed to yield a solu-
tion. If the calculated value is acceptable, the mean and hub blade speeds are computed:

TNy
_ M,2,IV
U, 2,1v =55 (12)
7Nr
_ H,2,IV
Un,2,iv=——~ (13)
The exit relative velocity at the hub is then computed:
2 2
Wy 2,1v = ‘/Vx,z,rv +(Vy - U>H - 14

The exit relative velocities at the mean and tip radii are computed by substifuting the
mean and tip values for whirl and blade speed into equation (14). The absolute exit



velocities at the hub, mean, and tip are computed:

_ 2 2
Vi2 = ‘/&u,i,&lv) + (Vg 2 1v) (15)

where i =H,M,T and indicates a substitution of the appropriate values for the hub,
mean or tip, respectively.

The calculations for the second-stage rotor inlet are now started. The input value
of stage reaction is used to compute the relative velocity ratio

Wy ~1-% (16)

The inlet total temperature and pressure are computed:
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where

(19)

and

Pi,m = P |- (20)



The stator total-pressure ratio (Pé /P'l) is specified in the input data. The hub-tip
I

radius ratio at the rotor inlet is not known. However? the required value for WH, 1,1V
is known from equation (16) since WH, 2,1V has already been computed. Hence, the
value of rotor inlet radius ratio which yields the required WH, 1,1V must be found.
Two estimates are made for the inlet radius ratio, denoted in the program as RHRTI1
and RHRTI2. A check is made to determine whether these radius ratios yield values

for (Vx/vcr)l which exceed the input limiting value VXIL. The calculation is not
v

terminated if 1’:hey do. Instead, the smaller of the two estimated radius ratios at the
inlet is reduced until a solution exists for which (Vx/Vcr) = VXIL. If no value for

radius ratio can be found which satisfies this criterion, the input value of VXIL is in-
ternally increased, and the calculations are restarted at the turbine exit. Having two
suitable inlet radius ratio estimates, a curve of WH 1.1V against (rH / rT) is gen-

’

erated by subroutine MAXIM. The curve is generated by computing WH 1.1V from

2

5 :
W = 4/(V.. - U) +V (21)
H,1,IV ‘/ u g1 %LIV

where using values for inlet hub-tip radius ratio between RHRTI1 and RHRTI2 and letting
'm,1,1v = Tm,2,1v> the hub whirl and blade speed are computed:

N
7Ah + (v r
v @ TLTOT "3y 0y o 1y 22)
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— 7T
20 "H, LIV
U - N (23)

H,1,IV = "H,1,IV 55
The inlet axial absolute velocity is computed in subroutine VXR as before:

Wi
Ve, 1,1V = - (24)
271’/ p(r)rdr

H

1,1Iv

Subroutine MAXIM then proceeds to find the minimum value of WH 1.IV and its cor-

b4 2
responding radius ratio. This newly computed radius ratio is used as the new minimum
radius ratio, replacing the previously estimated minimum. If these limiting inlet radius
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ratios, RHRTI1 and RHRTI2, yield values for WH 1,1V which bracket the desired value
computed from equation (16), subroutine ROOT proceeds to find the value of radius ratio
between RHRTI1 and RHRTI2 which yields the desired value for WH 1,1V If a solution
is not possible with the previously computed radius ratio limits, the exit tip radius is
changed and the calculations restarted. Having found the correct inlet radius ratio, the

following velocities are computed at the rotor inlet:

7TN (I‘
30 1,1V

U1,1,IV

TN
T.sAh +— (V. r)
v _@THLTOT "3 Uy o 1y
w,i,1,Iv =

30 r1,1,IV

2 2
W, = ¢/V + (V. - U)
i,1,IV ‘/ x,1,IV u 1,1V

Vi1, = \/( Lt V1)

First stage. - The calculations are now continued for the first-stage rotor.

rotor inlet and exit total pressures and temperatures are computed:

P~
p2>
p!
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The first-stage velocity calculations are similar to those for the second stage. The
major difference in the calculations for the first stage is that the mean exit whirl has not
been specified as it was for the second stage. Two practical design limits between
which a solution should exist are chosen:

V =(0.1V ) (33)
u,M,2,10 cr M, 2,11
and
vV =(-0.4V_) (34)
u, M’ 2,H Cr M 2 II

» =

The annulus area at the first-stage exit is initially assumed equal to the area at the
inlet to the second-stage rotor times the area ratio across the second-stage rotor. The
first-stage rotor exit radii are then computed:

rT o, m=%r,1,1v VAR (35)
M, 2,07 M, 1, IV (36)

TH,o,m = %TM, 2,1 " 'T, 2,10 (37)

Using the first assumed value for mean eﬁ:it whirl (i.e., 0.1 Vcr M. 2 II), exit blade
speeds and whirls are computed at the hub, mean, and tip by the ‘same procedure em-

ployed for the second stage. The axial absolute velocity ratio (VX/V is computed

o),
as before in subroutine VXR. If the computed value exceeds the input lin’liting value
VXEI, the area ratio is increased until an acceptable value for the axial velocity ratio is

found. The exit hub relative velocity is then calculated from

2 2
W = 4/(V )é + (V. - U) (38)
H,2,0 ‘/ x, 2, I vy o



The calculation proceeds to the inlet where the hub, mean, and tip radii are computed:
't 1,1 = TT,2,m VAR (39)
™M, 1,07 TM, 2,10 (40)

TR 1,m =2, 1,0 " IT, 1,10 (41)

The blade hub, mean, and tip inlet blade speeds and whirls are computed exactly as

before. The axial velocity ratio (VX/V cr) is computed in subroutine VXR and
1

checked against its input limit VXII. Agairf, the area ratio is increased, if necessary,

to yield an acceptable axial velocity ratio. The inlet hub relative velocity WH, 1,10 is

then computed as before. With known values for WH, 1,1 and WH, 2,11’ the stage hub
reaction can be computed:

Wi\2
Agy=1- <_w_> (42)

2'q 1

The calculations are repeated for the second assumed mean exit whirl

(i.e., -0.4V cr, M,2,II)' These calculations yield a second value for the stage hub
reaction. If these two calculated values for hub reaction bracket the desired value sup-
plied in the input data, a series of calculations similar to those in subroutine ROOT finds
the value of mean exit whirl between the two assumed design limits which yields the de-
sired stage hub reaction. If the two initially assumed values for mean exit whirl do not
yield a solution, the calculations are terminated with an error message indicating that

in the mean exit whirl iteration there is no solution and that the hub-tip radius ratio or
whirl limits must be changed.

Subprogram SURC - External Blade Geometry Calculations

A method was developed to determine the approximate external blade configurations
required for each blade row in the turbine. The method consisted of surveying existing
government and industrial high-performance aircraft gas turbine stator and rotor blade
profiles. From the survey, a series of working curves were made which relate the re-
quired design parameters. These curves were then used to obtain the dimensional char-
acteristics of blading required by interpreting the curves at the mean radius values of

10



blade gas entering and leaving angles Bl and 62. (Nomenclature is defined in appendix C
and fig. 1(b).) These design curves are supplied as an integral part of the program.

As noted, the starting point in the calculation is that of determining the blade enter-
ing and leaving angles Bl and 82 at the mean radius from the data generated in pro-
gram TD. With these angles, an initial blade camber angle @, is found by interpolation
from figure 2, which is based on data from references 3 and 5. This interpolation is
performed using a four-point bivariate technique (subroutine BVTL).

The value for the stator aerodynamic loading coefficient y is interpolated from
figure 3. The loading coefficient for the rotors is set equal to 1. From the survey, it
was found that the blade camber angle was influenced by the aerodynamic loading coeffi-
cient and by the particular row for which the blading was designed. The effect is shown
in figure 4, which relates iy to a correction Ag for each of the four blade rows. The
final value for the blade camber angle for each blade row is then computed from

¢ =9, +Ap (43)
Using these values for camber angle along with a AB8 defined as
AB = 31 = 32 (44)

values for blade camber length to axial chord length ratio (CL/ CX) are found for each
Z

row from figure 5; the data being taken from references 3 and 5. Blade chord lengths
are determined by dividing the blade heights found in program TD by their aspect ratios,
which were found, from the survey, to equal 2, 3, 3, and 5, respectively, for the four
blade rows. In cases where these values of aspect ratio result in an axial chord length
of less than 1 inch (2.54 cm) for any of the blade rows, the aspect ratios for all rows are
reduced and the chord lengths recomputed for all the rows until the minimum value of
axial chord length for any row is greater than 1 inch (2.54 cm). This is done to assure
that the cross-sectional area of the various blade profiles will be large enough to accom-
modate internal cooling air passages.

Note that (CL/ CX)Z for the stators is corrected as a function of blade thickness

ratio t max/c L 28 indicated in figure 6. A value for blade thickness ratio of 0.16 was
assumed for blading developed in this program. No corrections are applied to the rotor
blades.

It was also noted that the surveyed blading had airfoil perimeter lengths approxi-
mately 2.03 times their mean camber lengths at blade thickness ratios of 0.16. Thus,

11



a single blade external surface area AS b is computed for each blade in a row:
AS,b =2.03 (CL) (BH) (45)

The number of blades in each row is found by dividing the mean radial circumference (a
constant throughout the turbine) by the blade pitch for that row, where the pitch is com-
puted from

C
b Y(C,y) (46)

2 sin? Boy (cot By - cot Bl)

With this information and the velocity diagram angles and blade heights generated
in TD, approximate external blade profiles are described. The resultant external blade
surface areas are used as the starting point in the iteration to determine blade coolant
airflow requirements (if cooling is required), as described in the next section.

Subprogram COOL - Turbine Blade and Wall Coolant Flow Calculations

The coolant airflow required to cool both the turbine blades and the hub and tipwalls
is computed next.

Rather than becoming concerned with the complexities associated with individual
blade cooling configurations and determinations of cooling airflow requirements based
on local metal temperature levels and heat-transfer coefficients, the simplified method
described in reference 4 is employed. The method consists of making a heat balance
between the heat sink required to cool each blade row to the heat sink available in the
cooling air. The method requires knowledge of the average main gas stream conditions
in each row, the average blade midspan metal temperatures, the cooling air supply tem-
perature, and the thermal cooling effectiveness of the blade cooling design.

To start the coolant calculations, a base design is needed. This design is obtained
from the previously computed velocity diagrams and blade external surface areas. All
flow velocities and angles, and the turbine mean diameter computed in the base case are
fixed during the coolant flow calculations to assure no change in turbine work output.

The calculations for the base turbine assume that one-half of the initially estimated
blade coolant flow is added to the burner discharge flow and that this flow remains con-
stant throughout the turbine and does not affect the turbine inlet temperature. The other
half of the coolant flow bypasses the turbine. In subsequent cooling iterations, the total
coolant flow from each blade row is mixed with the main gas stream at the exit of that

12



blade row, and the turbine inner-stage weight flows and temperatures are adjusted
accordingly.

Using the results of the base case turbine velocity diagram and blade surface area
computations, a calculation is performed to determine individual blade coolant require-
ments. The blade gas-side heat transfer coefficient is computed:

p, V. C
h =0.037(-88 LM
g » C
g LM

(47)

where the velocity V_ is the velocity relative to the row. The value p_V_ is the aver-
age between the row inlet and exit. The transport properties arebased on the average
total relative temperature of the gas entering the blade row. The required heat sink is
computed for each blade row:

Qr =hg 45 1, ToT (Tg - TBM (48)

Note that the average midspan blade metal temperature TBM has been specified in the
input data.
To obtain the heat sink available from the coolant Q > We use

Q, = [(pr) (T - T ]Y,b (49)

Modifying this to include the thermal cooling effectiveness of the blade cooling configur-
ation,

(T" - T")
2 Yy
My == - (50)
Tem - T1,y,p
we get
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Since Q A = QR for each blade row,

Yo b ByAgy mor (Tg - Ty
11

(52)

If any blade row in the turbine does not require cooling, the program will calculate zero
cooling for that row. '

This procedure assumes no circumferential gas temperature differences. In prac-
tice, the first- and second-stage stators are exposed to these gradients. This tempera-
ture variation is accounted for by multiplying the required coolant flow determined in
equation (52) by the ratio

Tg,max - Tpm (53)
PR —
Tg - Tem
where Tg max is the maximum circumferential hot-spot gas temperature. For the
first-stagé stators
1t e} e ) ]
T max,1= Ty *+ PF [Tg - (Ty +ATy_)_J (54)

where T 1 ATy, and PF are specified input data, and are respectively the tempera-
ture of the coolant air entering the turbine, the difference between this temperature and
the compressor discharge temperature, and the combustor pattern factor. For the
second-stage stators, the maximum hot-spot gas temperature is determined by assuming
that one-half of the increase in gas temperature in the first-stage stator due to the effect
of pattern factor is attenuated across the first stage before entering the second stage so
that
1 1

" - (Tg, max g)l I

Te max,mI = Tg,HI + 7 ’

(55)

The coolant flows computed by this method provide for cooling of the stator location ex-
posed to the circumferential hot-spot gas temperature. The remaining stators are
overcooled. .

After having computed the individual blade row coolant flows, the turbine flow is
recomputed at each location in the turbine taking into account the addition at each loca-
tion of the blade coolant flow of each blade row upstream. The coolant flows are

14



adiabatically mixed with the main gas stream at each blade row exit:

. (WtTg)1 + (wT )y,b

= 56)
g,2 !
Vi, 2

T

These newly computed temperatures are then used to compute new values for p ng
across each row. The revised blade surface areas are then computed:

(wt, n+1) mn

S’b,TOI’Il ( -‘r

S,b, TOT,n+1 =4 (57)

(For the rotors, V is replaced by W.) These steps are repeated until successive iter-
ations yield repeating combinations of blade cooling airflow ratios, inner-stage gas tem-
peratures, and required external blade surface areas for each row.

The wall hub-tip cooling airflow ratio w. ,W/WE is computed next. This calcula-
tion is optional (see input instructions). The cooling method employed is that of film
cooling air injected tangentially to the hub and tip walls upstream of each blade row.

The following correlation is used to predict wall coolant flow ratios:

C
1.914 [“p,g u0.2 G.V.C )0'8D
w wo \C g "gglL M
y,w__"E .Y/ (58)
Vg 1.9 pr%%7
A
where
1600 - (T". - 150)
A= g (59)

[ !
TY (Tg 150)

The development of this equation is presented in reference 3. It is assumed that the
wall cooling air remains as a cool boundary layer along the walls. As a result, the wall
cooling air is assumed not to reduce the inner-stage main gas stream temperatures or
to produce any work in subsequent turbine stages; The wall coolant is assumed to mix
with the main gas stream only at the turbine exit. A final adjustment of blade height in

15



each row is required to accommodate the hub and tip wall coolant airflows. Assuming
that the injection velocity of the wall coolant is one-half of the absolute axial velocity of
the main gas stream at the exit to each row and that the coolant static pressure is equal
to the main gas stream static pressure at the exit of each row, the blade height adjust-
ment due to wall coolant flow is computed:

y,w -~ y, W (60)
g+y,b Aa, (g+y,b)

(BH)

This additional length of blading is assumed to be cooled by the wall cooling air. There-

fore, an increase in blade cooling airflow is not needed. '
The preceding calculations yield a complete design based on the initially assumed

values of coolant flow ratios for the blades and walls. If the final calculated values for

these coolant flow ratios do not equal the initially assumed values which are provided

as input data, the program must be recycled. Since the turbine specific enthalpy change

is given

Ahc
Aht = s = — N* (61)
Yy, b
w w T' .
(1-M>(1+f/a) s+l E v
w 2 w. T
E (1 - -—-—_—Y’TOT> (1+1/a t1
YE
\ - - -

a change in coolant flow ratio affects the turbine work output (assuming that the compres-
sor enthalpy change or turbine shaft work stays constant). Sincethe velocity diagrams are
computed using the input assumed coolant airflow ratios, the velocities used in the pro-
gram are not correct if the assumed and calculated coolant flow ratios do not agree.
Thus the program must be recycled using the newly calculated values as input until the
calculations predict the same coolant flow ratios as were assumed in the input. A cor-
rect overall solution is then assured. All the iterations lea‘tding to a correct solution are
printed out by the program.
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Utility Subprograms

Several utility subroutines are used by TD, SURC, and COOL. These are briefly
described below.

Subroutine ROOT. - Working between two end points a and b, this subroutine finds
the value of X which yields the desired value of Y for an arbitrary function Y = £(X)
where a =X =Db. It is used in the program to find the radius ratio which yields the
desired hub inlet relative velocity for the rotors.

Subroutine RHRT2. - This subroutine calculates the axial absolute velocities at the
mean radius and compares them to the limiting values prescribed in the input data. It
reduces the hub-tip radius ratios in an effort to reduce the axial velocities if the calcu-
lated values exceed the specified limits. In the case of the second-stage rotor inlet, the
subroutine will increase the input limit VXIL if necessary, and return to the beginning
of the calculations.

Subroutine DENR. - The axial velocities VX at the mean rwaius are computed based
on compressible flow.

Subroutine VXR. - This subroutine calculates densities at the hub, mean, and tip
and then integrates to find the axial velocities.

Subroutine MAXIM. - This subroutine is used to find the minimum value on a curve
of relative hub velocity against radius ratio.

Subroutine BVTL. - This is an interpolation subroutine used to interpolate values
when the desired value actually lies on a surface (i.e., a family of curves are presented
from which the desired value must be chosen as a function of two other coordinates).
The procedure is described in reference 6 under the subject heading '"Four Point Bivar-
iate Interpolation." An error message - ""Bivariate Interp Error VI = XXX.X,

V2 = XXX.X" indicates that the coordinates presented to the subroutine are out of range
of the data provided for the particular set of curves. The subroutine does not extrapo-
late data.

Subroutine LINT. - This is a standard linear interpolation routine used whenever
data are required from a curve which is described by y = £(x).

DESCRIPTION OF REQUIRED INPUT DATA

The following instructions provide a detailed description of the required program
input data. The "Line" designation refers to one data card. The "Location" specifies
the card columns in which the input variable must be entered. The "Type of Number"
refers to either integer or fixed point numbers. An integer may consist of more than
one digit but must be oriented to the right in its field. A decimal point must not appear
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in the field. A fixed point number may appear anywhere in its field. A decimal point
should appear in the field if the number is not right adjusted. All the data cards must be
in the deck. If an uncooled turbine is being considered, the data cards must still contain
cooling input data; the program will predict zero coolant flow based on the input data.

An approximate initial input value for DHT can be computed by equation (61) using
the estimated cooling flow ratios and a known compressor enthalpy change or turbine
shaft work requirement.

If wall cooling is to be ignored (i.e., NWC = 1), the values entered for Y and YB

should be equal.

Line Location Type of FORTRAN
number

1 1-3

2 1-12
2 13-18
2 19-24
3 1-12
3 13-24
3 25-36
4 1-6

4 7-12
4 13-18
4 19-24
4 25-30
4 31-36
4 37-42
4 43-48
4 49-50
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I

FP

FP
FP
FP
FP

FP

FP

FP

FP

FP

FP

FP

FP

FP

symbol

NCASE
TCI

CORRF
CORRFW
FAR

Y

YB
TTO
PTO
RPM
DRTE
WO
DHT
RTE

RHRTE

NwWC

Description

Identification number for the case

Temperature of the coolant air as it enters the
blades and hub and tip walls, °R

A value of 1.0 must be entered

A value of 1.0 must be entered

Primary burner fuel-air ratio

Initially estimated value of the total (blades
plus wall) coolant airflow ratio w ,TOT/WE

Initially estimated value for the blade coolant
flow ratio Wy,b/‘WE .

Turbine total inlet temperature, "R

Turbine total inlet pressure, lbf/ft2 abs

Turbine rotational speed, rpni ’

Exit tip radius increment, in. (A value of 0.1
is usually sufficient.)

Turbine inlet gas weight flow, lbm/sec

Turbine enthalpy drop, including the contribu-
tion from the blade cooling air (see eq. (61)),
Btu/1bm

Assumed tip radius at the second-stage exit,
in.

Assumed hub-tip radius ratio at exit of last
stage

NWC =1, if only blade coolant flows are to be
calculated; NWC = 2, if both blade and wall
coolant flows are to be calculated



Line

0 ~I ~J OO O & o U

10

10

10

10

11

11

11

12

Location Type of FORTRAN

1-6
7-12
1-6
7-12

13-18
1-6
7-12

1-6

7-12

1-6

7-12
13-18
19-24

1-12
13-24

25-36

1-3

number

FpP
FP
Fp
FP
FP
FP
FP
FP

FP

FP

FP
FP
FP
FP
FP
FP

FpP

symbol

Ws(1)
Ws(2)
GAMMA
R

PC
ETAT
ETA(1)
R(1)

R(2)

VUMCR

VXEL

VXEI

VXIL
FARC
PF

DTY

NPTD

Description

Work fraction for first stage

Work fraction for second stage

Main gas stream specific heat ratio vy

Main gas stream gas constant, ft—lbf/gbm) °R)
Stator total-pressure ratio (pé/ p})

Overall turbine total efficiency

Total efficiency of first stage

Hub reaction for first-stage rotor

- S

6
L \72 0

Hub reaction for second-stage rotor

ey

2
1~<ﬂ>
L \"2 JH®

Mean exit whirl of last-stage rotor

(Vy/V o)

M, 2,1V

Limiting value on axial velocity ratio V_/V er
at exit of second-stage rotor

Limiting value on axial velocity ratio VX/V er
at exit of first-stage rotor

Limiting value on axial velocity ratio VX/V -
at inlet to first-stage rotor

Limiting value on axial velocity ratio VX/V cr
at inlet to second-stage rotor

Value for FARC must be set equal to value for
FAR specified in line 3

Combustor pattern factor
(T max = Tg)/(Ty - Tt o)

Decrease (+DTY value) or increase (-DTY
value) in temperature of cooling air between
compressor bleed and inlet of blade or wall
coolant passage

Number of temperatures at which gas stream
fluid properties are entered
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Line Location Type of FORTRAN Description
number symbol

13 1-12 FP TPR First temperature at which fluid properties
will be entered, °r

13 13-24 FP PRN Value of Prandt]l number at first temperature
entered

13 25-36 FP VIS Value of viscosity at first temperature entered,
1bm /(sec)(ft)

13 37-48 Fp CON Value of thermal conductivity at first tempera-

ture entered, Btu/(sec)(ft)(°R)

The remaining values of temperature, Prandtl number, viscosity, and thermal conduc-
tivity are entered on (NPTD-1) cards according to the format just described.

13+NPTD 1-12 FP TMS Average stator midspan metal temperature, °R

14+NPTD 1-12 FpP TMR Average rotor midspan metal temperature, °r

15+NPTD 1-12 FP THERME Turbine blade thermal cooling effectiveness
(This value is used for all four blade rows.)

16+NPTD 1-12 FP CPC Average specific heat for cooling air,
Btu/(lbm)(°R)

17+NPTD 1-12 FP TWALLA Average blade hub and tip wall metal tempera-
ture, °R

DESCRIPTION OF COMPUTER OUTPUT DATA

Several sets of computer output are presented in appendix A. Each set contains
three sections - ''velocity diagrams, ' '""initial surface area calculations,'' and "'coolant
calculations.'' Each set is the result of one iteration to converge to a correctly matched
solution, as described previously. This allows the designer to examine intermediate re-
sults to observe trends in the iteration. The format in all the sets is identical. Hence,
only one set will be described. '

In the velocity diagrams and coolant calculations sections, a subsection titled
"input data' is printed out. This is a recapitulation of data read and/or used by routines
TD and COOL. The FORTRAN symbols and units are the same as those used in the input
instructions. The units used in the printout are defined in table I. The velocity dia-
grams section of the printout is the result of the computations in program TD. The inlet
and exit designations refer to the rotor inlet and exit. Since total and total relative data
are presented, the stator data is also available. The actual velocity diagrams are
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described under the headings RADE, BAE, VAE, etc. The first line of data under these
headings is data at the turbine tip radius. The second and third lines are for the mean
and hub data, respectively. (The heading nomenclature is related to the velocity dia-
grams in fig. 7.) The numbers printed directly under the velocity ratios are the actual
velocities at that location (i.e., the numerator in the velocity ratio). Note that when the
individual blade row cooling air is mixed with the main gas stream later in subroutine
COOL, different inner-stage temperatures and hence, different critical velocities re-
sult. Thus, the velocity ratios printed out here will change. The actual velocities,
however, do not change. The critical velocities computed after the addition of the blade
cooling air are printed out in the coolant calculations section. Thus, using the actual
velocities and the revised critical velocities, corrected velocity ratios can be computed.

The data presented in the initial surface area calculations section are the results
from subroutine SURC. Blade geometry symbols are defined in figure 1(b). The values
for blade surface areas are those for the base case which are later updated.

The data presented in the coolant calculations section are the results from subrou-
tine COOL. The word "initial" in the descriptions refers to the base case in which one-
half of the assumed blade coolant flow is added at the turbine inlet and the other half
bypasses the turbine (i.e., the assumption used fo generate the velocity ‘diagrams).

The 'word "revised" refers to values computed after the blade cooling air from each row
has been mixed with the main gas stream. Note that for total relative temperatures at
the rotor inlet or exit, the values presented are at the mean radius. All coolant flow
ratios are obtained by ratioing the cooling air weight flow to the engine inlet weight flow.
If wall cooling is included (i.e., NWC = 2), the blade heights and turbine exit tempera-
ture printed out have been corrected to include the effects of wall cooling airflows.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, December 3, 1970,
720-03.
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APPENDIX A

SAMPLE PROBLEM

Sample Problem Input Data
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Sample Problem Qutput

CASE=144
VELGCITY NIAGRAMS ##%0ssxsssuassnmnsns
INPUT DATA#s
TCE=12C4 <] CORRF= 1.Cu0 CORRFw= 1.703 FAR= C.023
Y= 0.076 YE=  CeG430 TT0=2660.0.0 PTO=18734.70
RPHM=6825..00 ORTE= GolGG W0= 316.7CC DHT= 141.9L0
RTE= 22.%00 RHRTE= N.641 N= 2 NR= 2
NVUM= 1 NRTE= 1 ®S{l)= 0.560 W5(2)= 0.4,
GAMMA= 1.301 Co= 0,303 R= 53.980 PC= 0.970
ETAT= Q.96 ETAlL)= v.890 RE(1l)= 0.180 RE({2)= C.140
VUMVCR=  ~0.039 VXEL= LeBOUL VXEI= 0.30C yxil= 0.35¢C
VXIL= 5,550
LAST STAGE N= 2 WURK SPLIT= 0.440 FFFICIENCY= 0.901 REACTINN= [.140
INLET SYATIC PRESOURE AT HUB,MEAN,TIP= 679,849 17788.621 8381.295
{NLEY TOTAL PRESSURE= 10876.1577
INLET TOTAL RELATIVE PRESSURE AT HUB,MFAN,TIP= 8274.052 8718.276 31284.179
INLET STATIC TEMPERATURE AT HULWMEAN,TIP= 2147.631 2216.838 2254.774
INLET TOTAL TEMPERATURE= 2395.024
INLET TOTAL RELAVIVE TEMPERATURE AT HuhyMEAN,TIP= 2248,066 2275.432 2308.782
INLET DENSITY AT rub,MEAN, TIP= G.u59 C.0065 G.269
EXIT STATUC PRESSURE AT HUB+MEANSTIP= 6435.645 6439.276 6441.135
EXIT TCTAL PRESSURE= 7232.178
EXET. TOTAL RFLATIVE PRESSURE AT HUB,MEAN,TIP= 8177.205 PR585.955 9712.368
TXIT STATIC TEMPFRATURE AT HUB,MEA%,TiP= 2128.581 2128.858 2129.0°1
EXIT TCTAL TEMPERATURE= 2180.829
EXIT TOTAL RELATIVE TEMPERATURE AT HUB,MEAN,TIP= 2245.385 2275.389 2312.764
EXTT DENSITY AT HUBWMEARN,TIP= TeU56 0.056 0.0%6
RADE BAE VAE VEVYCR UEVCR WEKCR RADI BAI VAl vives uiver wIWLR
22.0¢0 -55%.980 ~4,082 Ve %490 0.6323 0.7794 21.609 -8.972 52.201 0.6691 Ce5335 04229
731.7126 131043090 1660.8926 16450.6888 1:687..44 900.41x
18.051 =51.2C5 -4,971 J.4502 0.5148 0.7016 18.051 18.499 57.060 CeT541 CaaSn7 ek 3T
932.8574 LOT5.1085 1483.1208 1635.4931 1°75.17¢e3  437.8549)
14.102 ~45,43¢2 ~6.352 Det512 0.4053 e 6306 14.493 43.586 62.517 G 8884 Ce3980 5844
235.0899 839,908]1 1324.1620 1927.1086 863.1671 1227.8766
FIRST STAGE N= 1] WORK SPLIT= 0,560 EFFICIENCY= v.890 REACTION= C.l80
INLET STATIC PRESSURE AT HUB,MEAN,TIP= 11119.911 12017.624 13629.692
INLET TOTAL PRESSURE= 18171.978 .
INLET TOTAL RELATIVE PRESSURE AT HUB,MEAN,TIP= 13476.945% 140C1.377 14633.638
INLET STATIC TEMPERATURE AT HUD,MEAN,TIP= 2374.282 2444.716 248B.748
INLET TOTAL TEMPERATURE= 26,0.000
INLET TOTAL RFLATIVE TEMPERATURE AT HUB,MEAN,TIP= 2482.767 25(G4.288 25304510
INLET DENSITY AT HUB.MEAN,TIP= 0.097 fed96 v.101
EXIT STATIC PRESSURE AT HUB,MEAN,TIP= 10291.566 17321.834 10339.600
EXIT TOTAL PRESSURE= 1121%.337
EXIT TOTAL RELATIVE PRESSURF AT HUB,MEAN,TIP= 13029.40C 13600.248 14305.593
EXET STATIC TEMPERATURE AT HUBWMEAN,TIP= 2347.864 2349.460 2350.3%
EXIT TCTAL TEMPERATURE= 2395.024
EXIT TOTAL RELATIVE TEMPERATURT AT HUB,MEAN,TIP= 2479.576 2504.279 2533.747
EXTT DENSITY AT HUB,MEAN,TIP= 0,081 G.081 G.081
RADE BAE VAE VFYCR UEVCR HEWCR RADI 8A1 val VIVER UTvLR wWIWLR
?21.226 -61.336 ~13.531 0.3774 0.5829 Us 7438 20.849 12.09% 61.318 U.7015 0.5443 e 3531
818.5040 1264.2037 1659.0319 16034 355¢ 1241.7630 787.0112
18.051 “58.533 -15.800 Q.3814 G.0957 vebT5 18,051 35.534 64656 CeT8b0 Cealch Q42064
327.0335 107%.1085 1524,4901 1797.7037 1575.10€5 945.6542
14.876 ~55.532 -18.9351 0.3880 0.4086 Y. 6372 15,253 52.813 684187 2.5062 CaddTn Ce3TET
341.3916 8386.0133 1406.1247 2071.0062 08.4560 1c73.1968
INITIAL SURFACE AREA CALCULATICNS sesssrcsrasnssnssase
BLADE ENTERING ANGLEGBETA 1,F0! ROWS Lecyp3.4= 90.600 125.534 105.800 1GH8. 499
BLADE LEAVING ANGLE«BETA 24FOKR RURS 1s26344= 254344 31.467 32.940 38.795
BLADE CAMAER ANGLE,PHIZWFOR ROWS 1y24044= 4%.421 27.341 33.469 244425
BLAUE CAMLER LENGTH TU CTHORD LINGTH RATIO FOR ROWS 1+2+3.4= 1.493 1.32¢C l.328 l.212
AXTAL CHOMADS FOR WOAS 19243,4= 2.798 1.991 2.244 1.531
SINGLE BLADE AREAS FUOR RUOWS 1+2e3+4= 4T .447 31.859 40.749 27.728
PITCH FOR ROAS 14253¢4= 2560 1.546 1.931 1.205
MEAN RADIAL ZIRCUMFEREMCE= 113,418
NUMBER OF BLADES 1IN RUWS 19243,44= 73 59.
TOTAL BLADE SURFACE AREAS IN ROWS 14243,4= 21C02.041 2337.120 2609.172

2393.205

v xi
D.410

VXE
Ja448

Jel0 L. a48

S.410 D.448

VX1 VXE
12337 P.367
220337 L30T

04237 L.307
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COGLANT CALCULATIUN #ssxsuncesspninssopesn

INPUT DATA®=

PTD= 0. FARC= 0.023 PF= 0.150 0YY= 400.000
NPTD= 12
TPR=1460.200 PAN= €.710 VIS=0,240E~04 CON=0.950E-0%
TPR=1660.000 PRN= 0.709 VIS=0.260E-04 CON=0, 108E-04
TPR=1860.:00 PRN= 0.708 VI5S=0.280E-04 CON=0, 117E£-04
TPR=2060.700 PRN= 0.706 VIS=0,300E-04 CON=0, 127E-04
TPR=2260. .00 PRN= 6.705 VIS=C.320€-04 CON=0. 137E~D4
TPR=2460.200 PRN= Ga704 V15=0.,340E-04 CON=D, 147E~04
TPR=2660.G00 PRN= 0.703 VIS=0.355E-04 CON=0, 160E-04
TPR=286G.700 PRN= 0.702 VIS=0.370E-04 CON=0. 170E-04
TPR=3060. 200 PRN= C.70C VIS=0.390E-04 CON=0. 180t~04
TPR=3260..03 PRN= 24695 VIS=0.405E-04 CON=0, 192E~0%
TPR=3460.700 PRN= 0.693 VIS$=0.420E~-04 CON=0.205+~04
TPR=3660.000 PRN= D.686 VIS=0.435F-04 CON=0,220E-04
NTS= 1 TMS=2180.000 NTR= 1 TMR=2G87.000
THERME= B.700 cPe= 0,267 -THALLA=2060.000
INITIAL TOTAL BLAUE SURFACE AREAS FOR ROWS 1524344% 2102.041 2337.120 2393.205 2609.172
COOQLANT [NLET TEMPERATURE= 1204.000
ASSUMED BLADE THERMAL COOLING FFFECTIVENESS= 0.700
INITTAL TOTAL EXIT TEMPERATURE RFLATIVE TO ROWS 1,293,4= 2660.C00 2504.,279 2395.024 2275.389
INITIAL TUTAL INL.T TEMPERATURE RFLATIVE TO RUWS 1,243,4= 2660.000 2504.288 2395.024 2275.432
REVISFD TJIOTAL INLeT TEMPERATURLE RELATIVE TO ROWS 1,243,4= 2660.000C 2479.326 2354.005 2227.523
REVISED TOTAL EXI{ TEMPERATURE RELATIVE TO ROWS 1¢29344= 2635.038 2463.259 2347.116 2223.450
REVISED T3TAL RLALUE SURFACE ARFAS FOR ROWS 19243,4= 2050.533 2307.184 2385.141 2606.8:5
ASSUMED ™rTAL TEMPERATURE FCR ROW( 1)= 218C.002 BLADE COCLANT FLOW RATIO= 0.016565
ASSUMED M- TAL TEMPERATURE FOR ROW( 2)= 2080,0C0 BLADE COULANT FLOW RATIO= 0.012323
ASSUMED MITAL TEMPERATURE FOR ROWl 3= 218C,000 BLADE CODLANT FLOW RATID= 0.005897
ASSUMED MuTAL TEMPERATURE FUR ROW( 4)= 2080.000 BLADE COULANT FLOW RATIO= 0.003933
ASSUMED WALL METAL TEMPERATURE= 2060.((0000
WALEL CCOLANY FLOW RATID FDR ROW{ 1)= 0.015231
WALL CCOULANT FLOw RATIO FOR ROW( 21= C.0058d8
WALL CCOUANT FLOW RATIO FOR ROw( 3}= 0.003547
wALL CCOLANYT FLOW RATIO FOR ROW{ 4)= 0.000223
TURBINE WLIGAT FLOW AT EXIT OF RUWS 1424354= 328.B8l8485 334.921719 337.918358 339.310982
AVERAGE BLADE HEIGHTS FOR ROWS 1+2+3¢4 WITH BLADE AND WALL COOLANT= 5.546 6,039 6.904 7.726
REVISED VXI AND VXE FOR FIRST AND SECUMD STAGE ROTORS= 0.338 0.370 0.414 Jetad4
TURBINE EXIT TOTAL TEMPERATURE WITH BLADE AND wALL CuUBLANT= 2112.457
AVERAGE H.T. COEFFICIENTS FCR ROWS 1429344% 21116400 0.106E+00 Ca859E-01 C.808E-01
CRETICAL ABSOLUTE VELOCITIES AT EXITS OF ROWS 1+2+3,4= 2275.795 2151.015 2147.865 20484452
CRITICAL RELATIVE VELOCITIES AT EXITS OF ROWS 19243542 2207.530 2200+365 2092.429 2090.515
BEAREREARAN RN RTRERS
CASE=144
VELOCITY DIAGRAMS #asassssannnnssnsensn
INPUT DATAss ’
TCI=1204.500 CURRF= 1.C00 CORRFW= 1.600 FAR= €.023
Y= 0.0631 ¥YB= C.0387 T10=266C.0L0 PTO=18734,C0
RPM=6825.G00 ORTE= 0.1C0 wo= 321.117 DHT= 14C.1i8
RTE= 22.C00 RHRYTE 0.641 N= 2 MR= 2
Nvum= ] NRTE= 1 WS(1l}= 0.560 WS{2)= 044472
GAMMA = 1.301 Cp= G.300 R= 53,980 PC= 0.970
ETAT= 0.900 ETA(L1)= C.890 RE({1)= 0.180 RE{2)= Oelby
VUMYCR= -0,039 VXEL= o800 VXELl= 5.80C VXil= 7. 250
VXIL= G.550
LAST STAGE N= 2 WORK SPLIT= 0,440 EFFICIENCY= 0.901 REACTION= D.140
INLET STATIC PRESSURE AT HUB.MEAN,TIP= 6890.863 7817,989 8378.736
INLET TOTAL PRESSURE= 10953.929
INLET TOTAL RELATIVE PRESSURE AT HUB.MEAN,TIP= 8391.936 8825.383 1372.423
INLET STATIC TEMPERATURE AT HUB.MEAN,TIP= 2154.489 2218.339 2254.177
INLET TOTAL VEMPERATURE= 2398.371
INLET TOTAL RELATIVE TEMPERATURE AT HUB,MEAN,TIP= 2254.996 2281.426 2313.391
INLET DENSITY AT HUB.MEAN, TIP= G.059 (.065 0.269
EXIT STATIC PRESSURE AT HUBLMEAN.,TIP= 6523.945 6527.625 6529.510
EXIT TOTAL PRESSURE= 7329.942
EXIT TOTAL RELATIVE PRESSURE AT HUB,MEAN,TIP= 8214.524 8698.293 9331.188
EXIT STATIC TEMPERATURE AT HUB,MEAN,TIP= 2134.497 2134.775 21364.918
EXET TOTAL TEMPERATURE= 2192.805
EXIT TOTAL RELATIVE TEMPERATURF AT ‘HUB,MEAN,TIP= 2251,.377 2281.381 2318.756
EXIT DENSITY AT HUB,MEAN,TIP= 0.057 0.057 0.057
RADE BAE VAE VEVCR UEVCR WENWCR RADI BAL VAL VIVCR UIVCR WIWCR
22.000 -55.969 -4.085 0.4492 0.6314 0.7785 21.473 -8.575 50,684 0.6779 2.5893 La4423
932.1907 1310.3090 1661.2326 1471.2487 1278.9481 942.8137
18.051 ~51.193 ~4,975 0+ 4498 0.5181 0.7009 18.051 16.666 554456 0.7575 0.4354 0.4598
33,3380 1075.1085 1483.5035 1643,9457 1€75.,1065 973.1559
14,102 ~45,422 -6.358 0.4509 0.4048 0.6300 14.629 404625 60.843 0.8817 0e4:315 0.5837
935.5755 839.9981 1324.5949 : 1913.3829 571.2689 12268.3160
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FIRST STAGE N= 1
INLET
INLET
INLEY
INLET
INLET
INLET
INLET
EXIT

HWORK SPLIT= 0.560 EFFICIENCY= 0.890 REACTION= C.180
STATIC PRESSURE AT HUB,MEAN,TIP= 10994.290 12534.069 13571.334

TOTAL PRESSURE= 18171.979

TOTAL RELATIVE PRESSURE AT HUB.MEAN,TIP= 13418.820 13947.383 14586.089
STATIC TEMPERATURE AT HUU.MEAN,TIP= 2368.049 2440.961 2486.279
TOTAL TEMPERATURE= 2660.000

TOTAL RELATIVE TEMPERATURE AT HUB,MEAN,TIP= 2479.786 2502.051
DENSITY AT HUB,MEAN,TIP= 0,086 0.095 0.101
STATIC PRESSURE AT HUB,MEAN,TIP= 10207.071 10225.395 102364647

EXIT TOTAL PRESSURE= 11292.710
EXIT TOTAL RELATIVE PRESSURE AT HUBsMEAN,TIP= 13032.690 13559.028 14198.323
EXIT.STATIC TEMPERATURE AT HUB,MEAN,TIP= 2342.935 2343.908 2344.504
EXIT TOTAL TEMPERATURE= 2398.371
EXIT TOTAL RELATIVE TEMPERATURE AT HUB,MEAN,TIP= 2479.221 2502.035 2528.847
EXET DENSTTY AT HUB,MEAN,TIP= 0.081 0.081 0.081
RADF BAE VAE VEVCR UEVCR WEWCR RADI BAI
20.96u ~57.868 ~16.273 Q.4144 0.5752 0. 7465 20.883 12.694
899,2326 1248.3378 1663.5103
18.051 -54.951 ~11.884 0.4166 0.4954 0,6951 18.051 36.174
04,1979 1075.1085 154u.6920
15.142 -51.787 -14.083 J.4203 0.4156 0.6483 15.219 53.354
912.2343 901.8792 1430.3347
INITIAL SURFACE AREA CALCULATIONS sestsssansnssssssses
BLADE ENTERING ANGLE.BETA 1,FO2 ROWS 152,354 90.000 1264174 101.8
BLADE LEAVING ANGLE,BETA 2,FOR ROWS 1,253,4= 25.232 35,049 34.54
BLADE CAMRER ANGLE,PHI,FOR ROWS le2¢344= 40.297 23.337 34.848
BLADE CAMRER LENGTH TU CHORD LENGTH RATIO FOR ROWS 142+3,4< 1.489 1
AXIAL CHODS FOR ROWS 14253,4= 2.832 1.913 2.110 1.474
SINGLE BLADE AREAS FOR ROWS 1424354= 484491 28.271 364055 2
PITCH FOR ROWNS 14243+4= 24587 1.336 1.927 1.210
MEAN RADIAL CIRCUMFERENCE= 113.418
NUMBER OF BLADES [N ROMWS 1,2,3,4=
TOTAL BLACE SURFACE AREAS IN ROWS 14243,4= 2125.663 2399.469 2122.615
COCGLANT CALCULATION sEnsstasussxsstnstnns
INPUT DATA#»
PTD= 0. FARC= 0.023 PF= Ce15C
NPTD= 12
TPR=1460. 300 PRN= 0.710 VIS=C.240E-04
TPR=1660.500 PRN= D.709 ViS=G.260E-04
TPR=1860.L00 PRN= 0,708 VIS=0.280E-04
TPR=2060,000 PRN= 0.706 VIS=0.300E-04
TPR=2260.200 PAN= D705 VIS=0.320E-04
TPR=2460.700 PRN= 0.704 Vi5=0.,340E-04
TPR=2660.000 PRN= 0,703 VIS=0.355E-04
TPR=2860.000 PRN= 0,702 VIS=C.370E-04
TPR=3060.02 PRN= 0.700 VIS=0.390E-04
TPR=3260..00 PRN= 0.695 ViS=0.405E-04
TPR=3460.300 PRN= 0,693 Y15=0.420F-04%
TPR=3660.000 PRN= 0.686 VIS=0.435E-04%
NTS= 1 TM5=218C.000 NTR= 1
THERME= 0.700 cee= 0.267 THALLA=206C.000
INITIAL TUTAL BLADE SURFACE AREAS FOR ROWS 19243,4= 2125.663 2399.469
COOLANT INLEY TEMPERATURE= 1204.000
ASSUMED BLADE THERMAL CCOCLING EFFECTIVENESS= 0,700
INITEAL TOTAL EXIT TEMPERATURE RELATIVE TO ROWS 1,243,4= 2660.000 2502.03
INITIAL TOTAL INLET TEMPERATURE RELATIVE TD ROWS 142,344= 2660,002 2502.0
REVISED TUTAL INLET TEMPERATURE RELATIVE TQ ROWS 1.243,4= 2660.002 2477.0
REVISED TOTAL EXIT TEMPERATURE RELATIVE TO ROWS 142,3,4= 2635.045 2460.59
REVISED TSTAL BLADE SURFACE AREAS FOR ROWS 142+3+4= 20668.574 2363.058
ASSUMED METAL TEMPERATURE FOR ROW{ 1})= 2180.0C0 BLADE CDOLANT FLOW
ASSUMED M:VAL TEMPERATURE FCR ROW( 2)= 2080.0C0C BLADE COOLANT FLOW
ASSUMED METAL TEMPERATURE FOR ROW( 3= 218C.000 BLADE COOLANT FLOW
ASSUMED MeTAL TEMPERATURE FOR ROW( 4)= 2080.000 BLADE CDOLANT FLOW
ASSUMED WALL METAL TEMPERATURE= 2060.000000
WALL CCOLANT FLOW RATIO FOR ROW{ 1)= 0.015377
WwALL CCOLANT FLOW RATIO FOR ROW( 2)= 0.005504
WALL CCOLANT FLUw# RATIO FOR ROW( 3)= 0.003049
WALL CCOLANY FLOW RATIO FOR ROW{ 4l}= 0.000301

TURBINE w1547 FLOw AT EXIT OF ROWS 1,243,4= 331.759995 337.893864 340.76104
AVERAGF BLADE HFEIGHTS FOR ROWS 1424354 WITH BLADE AND WALL COOLANT= 54599
REVISEN VXI AND VXF FOR FIRST AND SECOND STAGE ROTORS= 0.340 0.411

TURBINE EXIT TOTAL TEMPERATURE WITH BLADE AND WALL COOLANE= 2118.617

AVERAGE H.T. COEFFICIENTS FCR ROWS 1:2y344= U 111E+00 0.108E+00 ©+B9TE-Q1
CRITICAL ABSOLUTF VELUCITIES AT EXITS OF ROWS 1,2¢3,4= 2275.7%8 2152.347

CRITICAL RELATIVE VELOCITIES AT EXITS OF ROMS 1,25354= 22G6.536 2199.173

FRBRACRERRE ARG T RIRER

THE LAST SET OF CUTPUT CONTAINS THE CONVERGED SOLUTION

*Gles EXIT IN  COoOL

2528.105

VAL VIVCR UIvCR WIWCR
61.401 0.7066 05442 0.3556
1614.8746 1243.77¢61 192.39.5
64,768 C.7934 Ge.al A 044320
1813.3143 1075.1085 '957.¢€276
68.331 0.916% 0.3966 125869
2093.4732 906.44-.9 1795.1251
84 1064666
4 38.807
25297 .
268 1.329 1.212
6,756
4.
2507.059
DTY= 400.000
CON=Q. 950E-05
CON=0.108E-04
CON=0, 117E~04
CON=0. 127E-0Q%
CON=0. I37E~04
« 147£-04
CON=0. 160E-04
CON=0. 170E-0%
CON=0. 18CE~04
CON=0.192E-04
CON=0. 205E-04
CON=0,. 220E~04
TMR=2080.000
2122.615 2507.059
S 2398.371 2281.381
51 2398,371 2281.426
96 2356.921 233,581
1 2350.526 2229.434
2111.156 2498.749
RATIO= 0.016708
RATIO= 0.012 804
RATIO= 0.005509
RATIO= 0.0C4216
& 342,207428
5.781 6,478 7.568
D.434 0.453
0,R27E-01
2149.425 20514314
2095.273 2093.327

vxI
Q0.238

VXE
Ce408

J4338 U.408

J. 338 0.408
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26

APPENDIX B

PROGRAM LISTING

COMMON /XLOOP/ RY RYBsRWOsRDHT yNWC o ITT,TESTY

COMMON JCFCT/ TCl,CORRFW,CORRF oYW TPPMTP(10D) DHC WPSTAT(5) +HTEMP(
15}

COMMON /SV/ XVAI(5), XBAI(5) ¢ XBAE(5) yXVAE(5)ySAVE,BHS(5),8HR(5),RAE
11(20) ¢ TOA{20) s WF,RAT(3),RAH{3),RHOT(10),RHOE(1CG),VEL(1Q),VILL1O),PP
2{10),TT{10),CONST2,CONST1,VILCI(10)+GAMMA,RsDTR1,DTR2,FARSWETO,VXI
32 VXE2VXI1,VXE]

COMMON VXIL

DIMENSION VUI(20), VUE{20), VI(20)y VE(20)y UI{(20), UE(20), WUI(20
1)y WUE(20), WI2(2CG)s WE2{20)., TRTE(20), WCRE(20), BAE(20), BAI{20)
2y VAE(20), VAI(20), VEVCR{20), VIVCR(20), UEVCR{20), UIVCR{20)}, WE
3WCR{20) s WIWCR{20), TRTI(20), WCRI(20), DH{20), WS(20), ETA(20), R
4AT(20), RE(20), VUMVCRI{2(G), TET{20), TPE{20), RT(59), SVE{20), SKE
52(20)e SVI(20), SWI2(20Q), DUMMY(100), NDUMMY(L10OQ)}, PRTI(103), PRTE
6(100)y, TSTATE(100), TSTATI(100), PSTATE(100), PSTATI(100), RHOSE(1
7C0), RHOSI(100)

DIMENSION HIR(S), HER(S}, CVAE(100), TPPCUL10G), TPPCV(100)s TPPLV
1U(50)+DUM{1G) «NDUM(10)

READ ({5,51) NCASE

READ (5,52) TCI,CORRF,CORRFHW

READ 15453) FAR,Y,Y8B

READ(5+54)TTOPTO,RPMyDRTE ,WO,DHT4RTE y RHRTE s NWC

PTO=PTQ/144.,

N=2

NR=2

NVUM=1

NRTE=1

READ (5,55) (WS{I),I=1,N)

READ {5¢56) GAMMA,R,PC

CP=(GAMMA=R)/(GAMMA-1.)

CP=CP/T778.

READ (5:55) ETATLU(ETA(I)sI=1.N)

READ (5,55) (RE{I)sI=1.N)

READ (5455) (VUMVCR{I),I=1,NVUM)}

READ (5¢55) VXELGVXEI ,VXII,VXIL

IF(NWC.EQ.1)Y=YB

DUM{1)=RTE

DUM12)=RHRTE

NDUM{1)=N

DUM(3)=PTO

ITT=0
CONTINUE

ITT=1TT+1

WRITE{6,2223)IT77

FORMAT{1H ,L,16HITERATION NUMBER.14)

IF{ITVT.EQ.1)GO TO 5000

Y=RY

YB=RYB

[F(NWC.EQ.1)Y=YB

WO=RW0D
CHT=RDHT



5000

2222

RTE=DUMI(1)

RHRTE=DUM(2)

N=NDUM(1)

PTO=DUM(3)

CONTINUE

WRITE (6,457) NCASE

WRITE (6440)

WRITE (6450)

WRITE (6,41) TCI,CORRF,CUORRFW,FAR
TESTY=Y

PTO=PTO#%144.

WRITE (6+42) Y.YB,TTO,PTO
PTO=PT0/144.

WRITE (6443) RPM,DRTE,WG,DHT
WRITE (6444) RTE+RHRTE N NR
WRITE (6,45) NVUMSNRTE.WS(1),WS(2)
WRITE (6,46) GAMMA,LCP,R,PC
WRITE (6,47) ETATLETA(1),RE(L},RE(2)
WRITE (6,48) VUMVCR(1),VXEL,VXEI,VXII
WRITE (6+49) VXIL
DHCB=1o+45%(YB/ ((1la=Y)*{1.+FAR)))&(TCI/TTO)
DHC=DHT#{(1l.~Y}#(1.+FAR) )#DHCB
WETO=WD/(1.+FAR®#{1.-Y)~Y)
WCBTO=YB#WETO

WF=WO+WCBT(O/2.

YW=Y-YB

MINE=1 FOR SECOND STAGE

MINE=2 FOR FIRSYT STAGE

MINE=0

DUMMY{1)=TTO

DuMMY{2)=PTO

DUMMY (3 )=RPM

DUMMY{4)=DRTE

DUMMY (5 ) =WF

DUMMY{6)=DHT

DUMMY(T7)=RTE

CUMMY{8)=RHRTE

NDUMMY (9)=N

NDUMMY ( 10 ) =NR

NDUMMY {11)=NVUM
NDUMMY (12 )=NRTE
DUMMY{13)=WS(1)
DUMMY(14)=WS5(2)
DUMMY(15)=GAMMA

DuMMY{16)=CP

DUMMY(17)=R

DuMMY(18)=PC

DUMMY(19)=ETA(1)
DUMMY(20)=ETA(2)
DUMMY(21)=RE{1l)
DUMMY{(22)=RE(Z) .
DUMMY{23)=VUMVCRI(1)

LDUMMY (24 ) =VXEL

DUMMY{25)=VXEI
DUMMY{(26)=VXII]
CJ=778.
6=32.17
CONTINUE

NA=N

27



28

TT0=DUMMY (1)
PTO=DUMMY (2)
RPM=DUMMY (3)
DRTE=DUMMY (4]}
WF=DUMMY (5}
DHT=DUMMY (6}
RTE=DUMMY (T}
RHRTE=DUMMY (8)
N=NDUMMY(9)
MNR=NDUMMY (10)
NVUM=NDUMMY (11}
NRTE=NDUMMY (12)
WS{1)=DUMMY(13)
WS{2)=DUVMMY(14)
GAMMA=DUMMY (15)
CP=DUMMY(16)
R=DUMMY (17}
PC=DUMMY({18)
ETA{L)=DUMMY(19)
ETA(2)=DUMMY (20)
RE(1)=DUMMY(21)

RE(2)=DUVMMY(22)

VUMVCR(13}=DUMMY(23)

VXEL=DUMMY (24)

VXEI=DUMMY {25)

VXII=DUMMY (26}

RT(1)=RTE

DO 2 KL=2,NRTE

RT(KL)=RT{KL-1)+DRTE

CONTINUE

DHT=DHT*CJ

PTO=PTO*144.0

IF {(N.EQs1) GO 7O 4
PTE=PTO#{1.0-0OHT/(CPaTTYG*ETAT#CJ)) #x{GAMMA/ (GAMMA~-1.0))
PT=PTO

T7=T710

NS=N-1

BO 3 II=1,NS

DHOII)=WS{II)#DHT
TPE(IT)=PT#(},0-DH{II)/7(CPoTT#ETA(IL)#CJ)) *»#(GAMMA/(GAMMA-1.0))
PT=TPE(II)

TET(ID)=TT-DH(II)/{(CP=CJ)

TT=TET(I1)
ETA{N)=WS{N)#DHT/{CP*#TT# (1. 0~-{PTE/PT)##{ {GAMMA~1.0)}/GAMMA) )=CJ)
D0 39 KL=1,NRTE

RTE=RT{KL)

RTE=RTE/12.0

DO 38 K=1,NVUM

VUEVCR=VUMVCR(K]

KODE=)

N=NA

KRTE=0

LAST STAGE EXIT

DH{N)=WS (N} =DHT

TTE=TTO-DHT/{CP=CJ) :
PTE=PTO2{1.0-DHT/(CP=#TTO2ETAT#CJ) ) »e{GAMMA/ (GAMMA-1.0))
TTEZ2=TTE :

PTE2=PTE

RAPS=3.1416#RPM/30.0

KCC=1



U

WHIC=0.0

LTE=RTE#*RAPS

RHE=RTE®*RHRTE

RME=(RHE+RTE} /2.0
VUEM=VUEVCR*SURTI2.08GsGAMMA#R=TTE/ { GAMMA+1.0))
CE=VUEM=RME

VUE(1)=CE/RTE

VUE(2)=CE/RME

VUE(3)=CE/RHE

AE=3,164162RTE##24(1,0-RHRTE#%2)

CALL DENR (VXE+GeGAMMA,CP,R,TTE,PTE,VUE(2) sWF,AE,RHOM)

IF (VXE.GT.VXEL*SQRT({2,0=xGAMMA=GsR+TTE/ (GAMMA+1.0))) GO TQ 36

CALL VXR (VUE:VE;VXE,WF,TTE.PTE,G,GAMMA,CP,R,RTE,RME{RHE)
UE(1)=UTE

UE(2)=RME=RAPS

UE(3)=RHE=RAPS

WUE (3) =VUE(3)~UEI(3)

WE2(3)=VXE##2+WUE(3) %2

LAST STAGE INLET

WIWEH2=1.-RE(N}

CI={G=DH{N)+RAPS*CE) /RAPS

TTI=TTE+DH(N)/{CP=(J)
PTI=PTE/((L1.0-DHIN)/ {CP#CI*TTI*ETA(N))})=+{GAMMA/ (GAMMA-1,0}))=PC

1TI2=TT1

PTI2=PTI

RMI=RME

RHI2=(RME-RHE) #G.55+RHE

RHRTI1=RHRTE-.02

RHRTI2=1.0/(2.0%RMI/RHI2~1.0)

CALL RHRTZ2 (RHRTI2,GAMMA,CP,GsRTTI,PTI . WF,RM1,C1,%2222)
RHRTIL=RHRTI?2

KCHK=0

TOLER=,.,0002

IND=1

Al=3,1616%4,0%RMI*42%(1.C-RHRTI1)/(1.0+RHRTI1)
RTI=SQRT(AI/(3.,1416#{1.,0-RHRTI1#%2)))

RHI=RTT#RHRTI1

VUI(1)=CI/RTI

VUI(2)Y=CI/RMI

VUI{3)=CI/RHI :

CALL DENR (VX1 4GsGAMMA,CPy R, TTI PTI,VUI{2)4WF,AIl,RHOM)
CALL VXR (VUI VI VXL ¢WFoTTI4PTI,6,GAMMA,CP4R,RTI,RMIsRHI)
UI(3)=RHI*RAPS :
WHIZ2=(VUT(3)-UTI(3))ex2+VX] %22

WHI2=-WHI2

CALL MAXIM (RHRTILl,RHRTIZ,WHI2,IND,TOLER)

IF (IND.LT.6) GO TO 6

WHI2=-WHI2

RHRTI2=RHRTE-.002

WC=WIWEH2#WE2(3)
AT1=3,1416%4,0%RMI*#2%(1.0-RHRTI2)/{1.0+RHRTI2)
RTI=SQRT(AI1/(3.1416%(1.~RHRTI2##2)})

RHI=RTI*RHRTI2

VUT (1) =CI/RTI

VUI(2)=CI/RMI

VUI(3)=CI/RHI '

CALL DENR (VXI+GoGAMMA,CP,R, TTL,PTI,VUI(2),KF,ALLl,RHOM)
CALL VXR (VUIsVIgVXIsWFyTTI,PTL,G,GAMMA,CP,R,RTI,RMI,RHI)
UI(3)=RHI*RAPS
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11

12

30

WHIZ1={VUI(3)-UI(3))#s2+VXI®x2

IF (WHI21.GE.WC) GO TG 8

IF (WHI21.LE.WC) GU TD 9

IF (WHI2.LE.WC) GO TO 12

IF (KCHK.EQ.1l) GO TO 10

RHRTI2=RHRTIL

WHI2E=WHIZ21

KCHK=1

GO T0 7

IF (WHI2.GE.WC) GO TO 12

IF (KCHK.EQ.1) GO TO 10

RHRTI2=RHRTIL

WHI2E=WHI 21

KCHK=1

GO TO 7

WHI21=WHI2E

IF (KCC.EQ.Ll) WCC=WC

IF (ABS{WHI21-WC).GT.ABS(WHIC-WCC)) GO TO 11
RTE=RTE-.125/12.0 '
WHIC=WHI21

WCC=WC

KCC=0

GO TO 5

RTE=RTE+1.0/12.0

WHIC=0.0

KCC=1

WCC=WC

KRTE=KRTE+1

IF (KRTE.GT.30) GO TO 36

GO T0 5

CALL R0D0T (WHIZ4sWHI214RHRTI1RHRTI2yWC,RHRTI 4TTI,PTI,GAMMA,CPsWF,R
1sVUI,VI,RTIRMI,RHI,RAPS,CI,VXI)
UI{1)=RTI*RAPS

UI(2)=RMI*RAPS

UI{3)=RHI*#RAPS

AR={RTI/RTE)#%2

GO TO 28

FIRST STAGE

DH{HN)=WSIN)*DHT

WIWEH2=1.-RE(N)

RTIR=RTI

ARLS=AR

PTE=PTI/PC

TTE=TTI

TTI=TTE+DHIN)/(CP%CJ)
PTI=PTE/((1.=-DHIN)/(CP#TTI*CJU*ETA{N)))#=(GAMMA/(GAMMA~1.0)))*PC
PTEL1=PTE

TTEL=TTE

TTI1=TTI

PTI1=PTI

FIRST STAGE EXIT

RME =RMI

FIRST ASSUMED MEAN EXIT WHIRL
VUEM=0,1#SORT(2.0%G*GANMARR*TTE/ (GAMMA+1.G))
VUE4=VUEM

GO TO 15

SECOND ASSUMED MEAN EXIT WHIRL
VUEM={-,4)*SQRT(2.,0#G*GA¥MA*R2#TTE/ (GAMMA+1.0))



CE=VUEM#RME

AR=ARLS

GO 10 17

IF (AR.EQ.1.1) GO TO 37

AR=AR+.,01

IF {AR.GT.1l.1) AR=1.1

RTE=RTIR#SQRT{AR)

RHE=2.0#RME-RTE

AE=3,1616#(RTE##2-RHE##2)

VUE(1)=CE/RTE

VUE(2)=VUEM

VUE(3)=CE/RHE

UE({1L)=RTE#RAPS

UE{(2)=RME=RAPS

UE{3)=RHE®RAPS

IF {ABS{VUE(1)).LT.0.5) VUE(1})=0.0

IF (ABS(VUE(2))eLTe0.5) VUE(2)=0.0

IF (ABS(VUE{3})elLTeD.5) VUE(3)}=0.0

CALL DENR (VXE GyGAMMA,CPyR, TTE,PTELZVUE(2) s WF, AE,RHOM)
IF (VXE.GT.VXEI=®*SQRT({2.0«GCAMMA=GR=TTE/ (GAMMA+1.0))) GO TO 16
CALL VXR (VUEWEXEs WF o TTE,PTE ;G GAMMA,CP,R4RTEyRMEsRHED
WUE(3)=VUE(3)-UEL(3)

WE2(3)=WUE(3)ax2+VXE%%2

FIRST STAGE INLET

CI={G#«DH(N)+RAPS=CE) /RAPS

RMI=RME

GO 10 19

IF (AR.EQ.1.1) GO TO 37

AR=AR+.01

IF {AR.GT.1.1) AR=1l.1

RTI=RTE*SQRT{AR)

RHI=243#RMI-RTI

Al=3,1616#(RTI#=2~RHI*%2)

VUI(1)=CI/RTI

VUI(2}=CI/RMI

VUI{3)=CI/RHI ,

CALL DENR (VXL ,GsGAMMA,CP, Ry TTIPTI,VUI(Z2)4WF;AI,RHOM]
IF (VXTI .GT.VXII#SQRT{2.0=*CAMMA#G»R#TT1/(GAMMA+1.0))) GO TO 18
CALL VXR {VUT VI VXI o WFTTI,PTI,GsGAMMA,CP,R,RTIRMI,RHI)
UI(1)=RTI*RAPS

UI{2)=RMI=RAPS

UTI(3)=RHI=RAPS

WUIL(3)=VUI({3)-Ul(3)

WIZ2{(3)=WUTL(3)#%x2+4yXI®x2

WIWE2Y=WI2(3F/WE2(3)

IF (KODE.EOQ.1} GO TO 26

IF {(VUEM.EQ.VUE4) GO T0 20

GO 70 21

WIWEZA=WIWEZ]

VUEMA=VUEM

GO 10 14 .

WIWE22=WIWEZ1

IF (WIWNE2ALGT.WIWEH2) GO TO 22

IF (WIWE2A.EQ.WIWEH2) GO T0O 28

IF (WIWE2A.LT.WIWEH2) GO TO 23

IF (WIWE22.LT.WIWEH2) GO TO 24

IF (WIWE22.EQ.WIWEH2) GO TO 28

GO TO 35

IF (WIWE22.GT.WIWEH2) GO TO 24



24

25

26

27

28

32

IF (WIWE22.EQ.WIWEH2) GO TD 28
GO 10 35

HA=VUEM~VUEMA

HAN=HA

VUEA=VUEMA

AB=WIWEHZ2-WIWEZA
CB=WIHE22-WIWEZA

IF (ABS{HAN).LT.0.0001) HAN=0.0
H=AB/CB#HAN

VUEMI=VUEA+H"

VUEM=VUEM1

KODE=1

GO 10 15

IF (ABS{WIWE2LI-WIWEH2)LEL(ABS{WIWE22-WIWEZA)*.0001)) GO TO 28

IF (AB= {WIWE21-WIWEH2)4LT.0.0) GO TO 27
HAN=H

WIWE22=WIWE21

GO 10 25

HAN=HAN-H

WIWE2A=WIWE2]

VUEA=VUEM1

GO TO 25

MINE=MINE+1

VCRE=SQRT (2, #G#GAMMASRSTTE/ (GAMMA+1.))
VCRI=SART (2. 0*G#GAMMAER = TTI/ (GAMMA+1,0))
VXIV=VXI/VCRI

VXEV=VXE/VCRE

RAE{1)=RTE#12.0

RAE(2)=RME#*12.0

RAE(3)=RHE*12.0

RAI({1)=RTI=12.0

RAI(2)=RM[%12,0

RAL(3)=RHI=*12.0

IF (MINE.EQe1l) HER{2)=RAE{1)-RAE(3)
IF {MINE.FQ.1) HIR{2)=RAI{1)-RAI(3)
IF (MINE,EQ.2) HER(1)=RAE{1)-RAE(3)
IF (MINE.EQa.2) HIR{1)=RAI{L)}-RAL(3)
IF (MINE.EQ.2) RAT(1)=RAI(1)

IF (MINE.EQ.2) RAH({1)=RAI(3)
BHS(1)=HIR(1)
BHR(1)=(HER(1)}+HIR(1)}/2.
BHS{2)=(HIR(2)+HER(1)) /2.
BHR(2)={HER(2)+HIR(2))/2.

DO 29 I=1,3

WUE(I)=VUE(I)=-UE{])

WE2 (1) =WUE(T)%%2+VXE%%2
BAE{I)=ATANZ2 {WUE(I),VXE}*57.296
VAE(T)Y=ATANZ2(VUE(I),VXE}#57,296
VEVCR{T)=SQRT{VE(I))/VCRE
UEVCR{I)=UE(1)/VCRE

TRTE(I)=TTE-VE(I)/(2.0%G#CJaCP)+WE2(I)/(2.02GeCJI*CP) .

WCRE(I)=SQRT(2.0#GeGCAMMA*R+«TRTE(I )/ (GAMMA+1.0})
WEWCRL{I)=SORT(WEZ2(I}Y/WCRE(I)
WUIL{T)=VUI(I)-UTI(])}

WI2Z{I)=WUI{l)nn24VXI %22
BAI(I)=ATAN2{WUT{I),VXI)%57,296
VAI(I)=ATAN2(VUI{]I),VXI) 257,296
VIVCRIT)=SQRT(VI(I))/VCR]I]

UIVER{TII=UI(]I)/VCRI



TRTI(E)=TTI-VI(I)/(2,0#G=CJ*CP)+WI2(1)/{2,0%G&CI*CP)
PRTI(I)=PTI*#{(TRTI(I)/TT1)#=(GAMMA/ (GAMMA-1.1))
PRTE(I)=PTE# ( (TRTE(T)/TTE)** (GAMMA/ (GAMMA~1.)))
TSTATE(I)=TTE#{1.~({GAMMA=1.)/ (GAMMA+1. ) ) *VEVCR(I)#%2,)
TSTATI( D) =TTI#(1.~({GAMMA=1.)/ (GAMMA+1.) ) sVIVCR(I)#22,)
PSTATI(I)=PTI%(1a=((GAMMA-1.)/(GAMMA+1.))=VIVCR{I}*%2,) %% (GAMMA/ (G
1AMMA=1.1))
PSTATE([)=PTE#{1.~({GAMMA=1.)/ (GAMMA+1.) ) #VEVCR(I}#%2.)ex(GAMMA/ (G
1AMMA=1.))

RHOSE(1)=PSTATE(I)/(ReTSTATE(I))
RHOSI(I)=PSTATI(I)/(R#*TSTATI(I))
WCRI(I}=SQRT(2.0%G*GAMMA*R*TRTI(I)/(GAMMA+1.0))
WIWCR(I)=SQRT(WI2(I))/WCRI(I)
SVE(I)=SORT(VE(I))

SWEZ2(1)=SQRT(WE2(1))

SVI(I)=SQRT(VI(I))

SWIZ(I)=SQRT(WI2(I))

XBAE (MINE )=BAE(2)

XVAE (MINE)=VAE(2)

XBAL (MINE)=BAI(2)

XVAL(MINE)=VAI(2)

IF (MINE.EQ.2) TGA(1l)=TTI

IF (MINE.EQ.2) TGA(2)=TRTI(2)

IF (MINE.EQ.2) CONST2=(WI2(2)-VI(2))/(2.2G*CJ*CP)
IF (MINE.EQ.2) TGA(3)=TTE

CIF (MINE.EQ.1) TGA(4)=TRTI(2)

IF (MINE.EQ.1) CONSTL=(WI212)-VI(2))/(2.%G*CJ*CP)
IF (N.EQ.NA) GO TO 30

GO 10 31

CONTINUE

WRITE (6+58) NyWS(N)(ETAIN),RE(N)

WRITE {6463) PSTATI(3),PSTATI{2),PSTATI(1)
WPSTAT(3)=PSTATI(2)

WRITE (6,71) PTI

PP(4)=PTI

WRITE 16,66) PRTI(3),PRTI{2),PRTI(1)

WRITE (6464) TSTATI{3),TSTATI(2),TSTATI(1)
WRITE 16,70) TTI

HTEMP(3)=TTI

TT(4)=TTI

WRITE (6,68) TRTI(3),TRTI(2),TRTI(1)

RHOT (4)=RHOSI(2)

RHOE (3) =RHOSI (2)

RHOE(4) =RHOSE(2)

WRITE (6560) RHOSI(3),RHGSI(2),RHOSI{1)
WRITE (6462) PSTATE(3),PSTATE(2),PSTATE(1)
WPSTAT(4)=PSTATE(2)

WRITE (6,73) PTE

PP(5)=PTE

WRITE (6,67) PRTE(3),PRTE(2),PRTE(L)

WRITE (6,65) TSTATE(3),TSTATE(2),TSTATE(1)
WRITE (6,72) TTE

DTR2=TTE-TTI

TT(5)=TTE

WRITE (6,69) TRTE(3),TRTE(2),TRTE(])
HTEMP{4)=TRTE(2)

WRITE (6461) RHUSE(3),RHCOSE(2),RHOSE(])

G0 TO 32



31

32

33

34

WRITE (6459) NN,WSINN),ETA{AN) REIN)
WRITE (6463) PSTATI(3),PSTATI(2),PSTATI(1)
WPSTAT(1)=PSTATI (2}

WRITE

(6+71)

PP{2)=PTI

WRITE (6,66)
WRITE (6,64)

TT(2)=TT1

WRITE (6,70)

HTEMP(L)=TTI

WRITE

(6468)

PTI

PRTI(3),PRTI(2),PRTI{1)
TSTATI(3),TSTATI(2),TSTATI(1)

171

TRTI(3), TRTI{2),TRTI(1)

RHOE(1}=RHOST(2)
RHOI(2)y=RHOSI(2)
RHOI (3)=RHOSE(2}
RHOE(2)=RHOSE(2)

WRITE (6460)
WRITE

(6+62)

RHOST(3),RHUSI(2),RHOSI(1)
PSTATE(3),PSTATE(2),PSTATE(1)

WPSTAT(2)=PSTATE(2)

WRITE 1(6,73)

PP{3)}=PTE

WRITE (6,67)
WRITE (6,65)
WRITE (6,72)

DTRI=TTE~TTI
TT(3)=VTE

WRITE (6,69)

PYE
PRTE(3),PRTE(2),PRTE[1)}

TSTATE(3),TSTATE(2)sTSTATE(1)
TTE

TRTE(3) 4 TRTE(2),TRTE(LL)

HTEMP(2)=TRTE(2)

WRITE (6461)

HRITE (6474)

IF
IF
IF

{MINE.EQ.1)
(MINE.EQ. 1)
(MINE.EQ.2)

IF (MINE.EQ.2)
DO 33 I=14+3
WRITE (6+75) RAE(I)BAE(T) VAE(I)VEVCR{I)JUEVCRII)WEWCR(I),RAI(I
1)sBAI(T)y VATI{I),VIVCRI{T) sUIVCRITI)+WIWCR{I) »VXIVsVXEV

WRITE (6,76)

CONTINUE

IF
IF
1F
IF
IF
IF
IF
IF
iF
IF
IF

IF
IF
IF
IF

(MINE.ENQ.2)
(MINE,EQ.2)
{MINE.EQ. 2)
(MINE.EQ. 2)
(MINEL.EQ.1)
(MINEL.EQ. 1)
(MINGC.EQa1)
(MINE.EQ.2)
{MINE.EQ.2)
[MINE.EQ. 1)
{MINE.EQ.1)
(MINE.EQ. 1)
{(MINE.EQ. 2)
{MINE.EQ. 2]
(MINEL.EQ. 1)

RHOSE{(3),RHOSE(2),RHOSE(1)

VXI2=VXIV#VCRI
VXE2=VXEV#VCRE
VXI1=VXIV#VCRI
VXEL=VXEV=VCRE

SVE(I)oUELT)SWEZITD)»SVILI),UI(I},SWI2(])

VEL(1)=5VI{2)
VIL{2)Y=SWI2(2)
VEL(2)=5WE2(2)
VIL{3)=SVE(2)
VEL(3)=SVI(2)
VIL{4)=5WI2(2)
VEL{4)=SWE2(2)
VILCTI(12)=5VvI(2)
VILCI{3)=S5VE(2)
VILCI(4)=5SVI(2)
VILCI{(5)=5VE(2)
CVAE(S5)=VAE(2)#3.,1416/180.
CVAEL3)=VAE(2)%3,1416/18C.
TPPCUI3)=UEL2)
TPPCU(5)=UE(2)

TPPCV(3)=VILCI(3)
TPPCV(5)=VILCI(5)

GRAT=~(GAMMA=1.)/(2. #GAMMA®G=R)
TPPCVU(3)=TPPCV(3)+SINICVAE(3)})
TPPCVU(S)=TPPCVI(5)=SIN{CVAE(5))
TPPMTP(3)=GCRAT#(2.=TPPCU(3)=TPPCVU(3)-~-TPPCU{3)=*TPPCU(3)]}



34
35
36
37

38
39

40
41

42

43-

44

45

46

47

59

60
61
62
63
64
65
66

67

&8

TPPMTP(5)=GRAT*(2.#TPPCU(5)=TPPCVU(5)-TPPCU(S)*TPPCU(5))
MN=N=1

IF (NN.GT.0) GO TO 34
GO TO 38

N=N-1

GO 70 13

WRITE (6,77)

GO TO 38

WRITE (6,78)

GO 10 38

WRITE (6,79)

CONTINUE

CONTINUE

CALL SURC

G0 10 2221

FORMAT {(1H ,38HVELOCITY DIAGRAMS X% #x#tustsrsuirsstunne,/)

FORMAT (1H ,4HTCI=4F8.3,17Xs6HCORRF=3FB.3,415X, 7THCORRFU=,FB.3,14X,4%4
1HFAR=,FB.3) . .
FORMAT (1H 2HY=pFBeby 19Xe 3HYB=3F8.4918Xs4HTTO=3FB8.3,17X+4HPTO=,F8
1.2} )

FORMAT (1H ,4HRPM=,F8.3, 17)(,5HDRTE=,F8.3,16X,3HWD=,F8-3o18X-4HDHT=
1,F8.3)

FORMAT (1H 4HRTE=yF 8.3, 1TXs6HRHRTE=4FB843515Xe2HN=913424X,3HNR=413
1

FORMAT (1H 4SHNVUM=, 1302 1K+ OHNRTE=313321Xs6HWS(1)1=¢FB8a3,15X.6HWS(2
1)=,F8a3)

FORMAT {(1H (6HGAMMA=4FB8,.3s15Xs3HCP=,FB8.34318Xs2HR=yFBa3,19Xy3HPC=,F
18.3)

FORMAT (1H s5HETAT=yF843,16XsTHETA(L1)=oFB8.3514Xs6HRE{L)I=FB.3915X,
16HRE(2)=,F8,3)

FORMAT (1H o 7THVUMVCR=4F8 .3 914Xy SHVXEL=9F8e3,16Xy5HVXEI=,FB8.3,16K,45
1HVXII=4F8,3)

FORMAT (1H 5HVXIL=yF8.3)

FORMAT (1H L 12HINPUT DATA#x}

FORMAT (13)

FORMAT {(Fl2.6,2F6.4)

FORMAT (3F12.6)

FORMAT (8F6.1,412)

FORMAT (12F6.1)

FORMAY (4F6.3)

FORMAT (1H1,20X,5HCASE=,13457)

FORMAT (1HO, l4H LAST STAGE N=,1243X,11HWORK SPLIT=,Fb6e343X,11HEFFI
1CIENCY =3 F6.3¢3XeIHREACTION=4F6.3,/)

FORMAT {1HOs15H FIRST STAGE N=,12s3X,11HWORK SPLIT=4F6.343X:11HEFF
JICIENCY=3F6.343X,9HREACTION=4F6.3,7)

FORMAT (1H ;30HINLET DENSITY AT HUB,MEAN,TIP=,3F10.3)

FORMAT {1H ,29HEXIT DENSITY AT HUB,MEAN,TIP=,3F10.3)

FORMAT (1H L,37HEXIT STATIC PRESSURE AT HUB.MEAN,TIP=,3F10.3)
FORMAT, (1H ,38HINLET STATIC PRESSURE AT HUR,MEAN,TIP=,3F1G.3)
FORMAT (1H ,4IHINLEY STATIC TEMPERATURE AT HUBMEAN,TIP=,3F1C.3)
.FORMAT (1H L40HEXIT STATIC TEMPERATURE AT HUB,MEAN,TIP=,3F10.3)
FORMAT (1H +46HINLET TOTAL RELATIVE PRESSURE AT HUB,MEAN,TIP=,3F10
1.3)

FORMAT (1H ,45HEXIT TOTAL RELATIVE PRESSURE AT HUB.MEAN,TIP=,3Fl0.
13)

FORMAT {1H ,49HINLET TOTAL RELATIVE TEMPERATURE AT HUB,MEAN,TIP=,3
1F10.3)
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75
16
77

78
19

FORMAT {(1H +48HEXIT TOTAL RELATIVE TEMPERATURE AT HUB,MEAN,TIP=,3F
119.3)

FORMAT (1H ,24HINLET TOTAL TEMPERATURE=,Fl12.3)

FORMAT (1H ,21HINLET TOTAL PRESSURE=,F12.3)

FORMAT {1H 423HEXIT TOTAL TEMPERATURE=¢Fl2.3)

FORMAT {1H ,20HEXIT TOTAL PRESSURE=,F12.3)

FORMAT (1HO 33Xy 4HRADE 36X y3HBAE 3 TXy 3HVAE s 7TX+ SHVEVCR 45X SHUEVCR 5%, 5
IHWEWCR 35X 9 4HRADI 36Xy 3HBALa TX g 3HVAL , TXySHVIVCR e 5X 3 SHUIVCR 4 SX o SHWIWC
2R 2Xe3HVXI 33X 3HVXE)

FORMAT (1H ;F8.3+92F10.3s3F10.4+3F10.3¢3F10.4+2F6.3)

FORMAT (1H ,28X33F10.4,3CX43F10.4)

FORMAT (1HO,62H VUE ITERATION. NO SOLUTION. CHANGE RHRT OR EXTEND
1VUE LIMITS )

FORMAY (1HO,4THEXIT TIP DIAMETER MUST BE CHANGED. NO SOLUTION.)

FORMAT (1HO,26H AREA RATIO GREATER THAN 1)

END

$IBFTC ROO

36

SUBROUTINE ROOT (WH2 ¢y WH21,RHRTLsRHRT2y KL RHRT s TT4PT.GAMsCPsWF+RoVU
1.VsRTyRMyRH,RAPS,CI,VX)

DIMENSION VU(20)s V(20), U(20)

G=32.17

HA=RHRT2-RHRT1

HAN=HA

RALT=RHRT1

AB=WC~WH2

C=WH21-WH2

IF (ABS{HAN).LT.0.000C001) HAN=0.0

H=AB/C#*HAN

RHRT=RALT+H
A=3,16416#4.0#RM222#{ 1 .0~RHRT1/(L.0+RHRT)
RT=SQRT(A/(3.1416%{1.0-RHRT##2}))

RH=RT#RHRT

vu(1)=CI/RT

VU(2)=CI/RM

VU(3)=CI/RH

GAMMA=GAM

CALL DENR (VX3G9GAMMA,CP,R,TT,PT,VUL2),WF,yA,RHCM]
CALL VXR {VUsV,VXeWF s TToPT+Go,GAMMA,CP,R4RT,RMyRH}
U(3)=RH=RAPS

WHIZ2=(VUI3)-U(3))ne2+VXE22

IF (ABS({{WH21~WH2)#.001).LE.C.09) GO TO 2

IF (ABS{WHI2-WC)eLE.ABS(WH21-WHZ2)#,001) RETURN
GO0 T0 3

IF {ABS({WHIZ2-WC).LE.0.09) RETURN

IF (AB# (WHI2-WC).LT.0.0) GO TQ 4

HAN=H

WH21=WHI2

GO T0'1

HAN=HAN-H

WHZ=WHI 2

RALT=RHRT

GO 101

END



$IBFTC RHRT

SUBROUTINE RHRT2 (RHRTI1+GAMMAGCP ¢ GoeRoTTI yPTIgWFeRMI,Cly5)
COMMON VXIL
DIMENSICN VvUI(3)
. GO TO 2

1 RHRTI1=RHRTI1-.02
IF (RHRTI1.EQ.0e¢) VXIL=VXIL+.01
IF (RHRT11.EQ.0.) RETURN 1

2 Al=3,16416%4,08RMI #5824 (1. 0~-RHRTI1)/{1.0+RHRTI1)
RTI=SQRTIAI/{3.1416%{1.0~-RHRTI1%x2}))
RHI=RTI*RHRTI1
VUI(1)=CI/RTI
VUL (2)=CI/RMI
VUTI(3)=CI/RHI
CALL DENR (VXIyGoGAMMA;CPsR¢TTI«PTIoVUI(2) WF,yALIRHOM)
IF (VXTGTVXIL#SQRT{2.05GAMMA=ReG2TTI/(GAMMA+1.0))) GO TO 1
RETURN
END

$IBFTC DEN

SUBROUTINE DENR (VX;GyGAMyCP 4Ry TT,PT VUM, WFyAsRHOM)
VX=0,7#SQRT(2.04#GAM#R*G#TT/ (GAM+1.0))
VX1=vX
CJ=778.

1 VM= yUME 22 + VX ® %2
T=TT=VM/{2.0%G*C J%CP)
IF (T4LT40.0) RETURN
P=PT(T/TT)ex{GAM/ (GAM~1.0)}
RHOM=P/ {R#T}
VX=wWF/ (RHOM=®A)
[F (ABS(VX/VX1-1.0).LT.0.001) RETURN
VX1=VX :
GO TD 1
END

$IBFTC VX

SUBROUTINE VXR (VU,V VX nFyTT4PT3G,GAM,CP,R4yRTE,RME,RHE)
DIMENSTON VU(20), V{20)s T(20), P{208)s RHO(20)
VX1=VX
CJ=778.
1 CO 2 I=1,3
VI )=VX%22+VU({T) #x2
TLI)=TT=-V(I)/{2.0#G«CJ*CP)
PUL)=PT={T{I)/TT)%x»{GAM/({GAM-1.0))
2 RHO!I)=P(I}/(R2T(I))
FAB=(RHO(3)~RHO(2))/ (RHE~RME)
FBC=(RHO(2)-RHO(1) )/ {RME-RTE)
FABC=(FAB~FBC)/ (RHE-RTE)
HTINT=RHO(3 ) #(RTE##2-RHE%##2) /2. 0+FAB*((RTE##3-RHE#*%3)/3.0-(RHE#RTE
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1%22-RHE#%#3)/2,0)+FABC#((RTE##4—-RHE®*%4) /4.~ (RME+RHE ) #(RTE#%#3~RHE##3
21/3.0+RME#RHE* (RTE*%2~RHE##2)/2.0)

IF {(ABS{VX/VX1-1,0}.LT.0.0005) RETURN

VX1=VX

GO 10 1

END

$IBFTC MAXI

13

14

15

38

SUBROUTINE MAXIM (WA, WAMAX,WTFL,IND,TOLER)
DIMENSION SPEED(3). WEIGHT(3)

GO TO {193:5414423),IND

JUuMP=]

IF {WAMAX.LT.WA) GO TC 2

SPEED(1)=WA

WEIGHT(1)=WTFL

WA=HAMAX

IND=2

RETURN

SPEED(3)=HA

WETGHT{3)=WIFL

WA=WAMAX

IND=5

RETURN

SPEFED(3)=WA

WEIGHT{3)=WTFL
WA={SPEED(1)+SPEED(3))/2.

IF ({(SPEED(3)-SPEED(1})).LT.TOLER) GO TO 24
IND=3

RETURN

SPEED(2)=WA

WEIGHT(2)=WTFL

IF (WIFLLLF,WEIGHT(1).ORNWTFL.LE.WEIGHT(3)) GO TO 12
IND=4

IF {(WEIGHT{3)~WEIGHT (1)) 8,9,7
WA=(SPEED(1)+SPEED(2))/2.0

RETURN

WA=(SPEED(3)+SPEED{2))/2.0

RETURN

GO TO {(10+11)0JUMP

Jump=2

GO 10 7

JUMP=1

GO 10 8

IF (WEIGHT(3)GT.WEIGHFT(1}) GO TO 13
WEIGHT({3)=WIFL

SPELD{3)=WA

GO 10 4

WEIGHT(1)=WTFL

SPEED(1)=HWA

GO 1O 4 .
IF ({SPEED(3)-SPEED(1)).LT.TOLER) GO TO 24
IF (WTFL-WEIGHT(2)) 18,21,15

IF (WA-SPEFD(2)) 17+16,106



16 SPLLD(1)=SPEED(2)
SPEED(2)=WA
WEIGHT{1)=WEIGHT (2}
WEISHT(2)=WTFL
GO 70 6

17 SPEEDI3)=SPEEL(2)
SPEIDI2)=WA
WETIGHT (3)=WEIGHT (2)
WEIGHT{2)=WTFL
GO 0 6

18 IF (WA-SPEED(2)}) 20,17,19

19 WEIGHT (3)=WTFL
SPEED(3)=WA
GO 10 6

20’ WEIGHT (1) =WTFL
SPEED{1)=KHA
GO 1D 6 :

21 IF {WA.GTLSPEED(2)) GC TO 22
SPEEDR{3)=SPEED(2)
WEIGHT(3)=WEIGHT (2}
G0 10 5

22 SPEED(1)=SPEED(2}
WEIGHT (1) =WEIGHT(2)
GO 10 5

23 SPEED{1)=HA
WEIGHT(1)=WIFL
GO TO 4

24 IND=6
RETURN
END

3IBFTC Sur

SUBROUTINE SURC

COMMON /SV/ XVAI(S5),XBAI(5),XBAE{(5)4XVAE(5),SAVE,BHS{5),BHR{5),RAE
1(20),T5A120) ¢ WF,RAT{3)4RAH(3),RHOI{10),RHDE(L1G),VEL{10),VIL{10),PP
2{10),TT{10),CONST2,CONST1.VILCI(10)sGAMMA,RDTRL+DTRZ2+FAR,WETO,VXI
324VXE2,VXI1,VXEL

COMMON /BVE/ BV{10,12),A8{2),L8(2),X(2)

COMMON /CF/ BCS(10).BCR(10),TBSAS(10),TBSAR{10) 4 XMRC

DIMENSION PSIS1{(5}), DASL1{5)s PSIS2(5})y DAS2(5), PSIR1(5)4 DAR1{S5),
1 PS{R2(5)y DAR2{5), DALPAR(5)}, DALPAS(5)

DIMENSION BX{10,2)

DIMENSION B2M(1C), PSIM{10), ALPHA(10}, RMCLCX(10), B1S{5), B25(5)
1y BIR(5), B2R(5), ALPHIS(5), ALPHZIR(5), PSIMS(5), PSIMR(5), ALPHAS
2(5), ALPHAR({S)y XCLCXS(5)y, XCLCXR{5)s ARS(5), ARR{(5), CXS{5), CXR{
35}, BSAS(5), BSAR{S5), PS(5), PR(5)s BPRS{5), BPRR(5)

DIMENSION A(55),B{89)

EQUIVALENCE (BX,BV(1,11))

'DATA A/30- '60. 1900,120.'150-1160.110.’14.1200'30. 1‘?5. '60.'70. ’790 9
175. '69'060004805'410037.5' ?3-5’6905'640’550"'3-,300022.'7005'64.’5
26-5’46.5'3"0 '22.'14.7720 160- 1480'35.1200 ,605'-1.,82.'52"35.5'20.'
33- ""110 "'19. 1900'48. 129. 5‘ 1‘!.,"3."‘17.51"25.5/

DAT"\ B/Oo '20.)400 160. 180., 100-’120-1140. "'ZOo:"lOo 70-0110- 120.130.
14400950096 0e91e0641e015+410091402+41007501415541030591:57+1.985,1.07
211.00391¢0221:0331e075¢1015551030551e5752.0041e1191.0741e0641.0791.
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40

3111 101311-11501-60'2.1'1'1&' 1010,1-09)1.105)1015’1.225’1.3811.6812
4.14,1.18y1e1451413,1414,102091.295,1:4741e7692.1851424,1.19,1.18,41
5620+10209103701054+1.80076222103841e3C+14279102991e3h,1.4891.60641.
6931203011-5\.91.4211.4;,1-42’1-50'1-61'1-801200502.46/
REWIND 7

ITOT1=55%

I=6

J=7

WRITE(7)Y(A(K)K=1,1)

[d=1+J

IP=1+1

WRITE(T)(A{K)Y»K=1IP,1J)

KK=14+J+1

WRITE(T)LALK) ,K=KK,ITOT1)

IT0T2=89

I=8

J=9

WRITE(T)(BIK) yK=1,1)

TJ=10+J

IP=1+1

WRITELT){B(K) K=1P,1J)

KK=I+J+1

WRITE{T)(BI(K) K=KK,TTCT2)

REWIND 7

WRITE {6,19)

VAIL=XVAI(1l)

BAIL=XBAT{1)

BAEL.=XBAE({1)

VAEI=XVAE(D)

BAEI=XBAE(?2)

BAII=XBAI(2)

VAL I=XVAIL{2)

COMPUTE BLADE ENTERING AND LEAVING ANGLES
B1sS(1)=950.

B825(1)=90.-VAII

BlR(1)=90.+BAII

B2R(1)=90,+BAEI

B1S{2}=90.-VvAEI

B2512)1=90.,~VAIL

BlR{2)=90.+BAIL

B2R12)=90.+BAEL

CB1=B1S{1)-B25(1)

DB2=BIR(1)-82R(1)

DB3=81S(2)~251(2)

0B4=B1R(2)-B2R(2}

READ IN DATA FCR FIGURE 2

I=6

J=7

tBti)=1

LB(2)=1)

READ (7) (BX{Kel)oK=1s1)

READ (7) {BX(Ks2) 9K=1,J)

READ (7) ({BVIKyL)2L=193)9K=1,1)

ALPHZS{1)=BVTLIBLIS(1),B25(1))
ALPHZR{1)=BVTL(BIR(1),B2311))
ALPHZS(2)=BVTL(B1S(2).B25(2))
ALPHIR(2)=BVTLIBLR{2),82ik(2))
READ IN DATA FPR FIGURE 3
NPTSB=2



B2M({1)=38.6

PSIM{l})=1.1

B2M{2)=10.

bSIM(2)=.26

CONTINUE

REAC IN DATA FOR FIGURE 5

I=8

J=3

LB(i)r=1

LB(2})=J

READ (T) (BX(Ks1)eK=1,1)

READ (T) (BX(Ky2)3K=1,3)

READ (T) ((BV(KsL)sL=14J)sK=1,1)

CALL LINT (B2S(1),NPTSB,B2M,PSIM,P5IMS(1})
PSIMR{l)=1.

CALL LINT. (82S(2)4NPTS5B,B2M,PSIM,PSIMS(2))
PSIMR{2)=1.

READ IN DATA FDR FIGURE 4A

PSIS1(1)=.4C

PSIS1(21=1,

DAS1(1)=-33,

DAS1{2)=10,

PSIS2{1)=.40

PSisS2t2)=1.

DASZ2{(1)=-~18.5

DAS2(2)1=-2.5

READ IN DATA FOR FIGURE 4B

PSIRI{1)=,60C

PSIR1I{12)=1.5

DAR1I{(1}=-14.5

DAR1{2)=10.5

PSIR2{1)=.70

PSIR2(2)=1.1

DARZ2{1)=-9,

DARZ2(2}=-6, ,

CALL LINT (PSIMS(1)+2,PSIS1,DASL1+DALPAS(1))
CALL LINT (PSIMS{2),2,PSIS2,DAS52,DALPAS{(2}))
CALL LINTY (PSIMR{1)42,PSIR1,DARL1,DALPAR(1))
CALL LINT (PSIMR(2):2,PSIR2,DARZ,DALPAR(2))
DO 6 I=1,2

ALPHASU I )Y=ALPHZS{I)+DALPASI(I)

DO 7 1=1,2

ALPHAR(I)=ALPHZR(I)}+DALPAR(I)
XCLCXS(1)=BVTL{(DBLl,ALPHAS(1}))
XCLCXRU1)1=BVTL{DB2.,ALPHAR(1))
XCLCOXS{2)Y=RVTL{DB3,ALPBAS{2))
XCLCXR(2)=BVTLIDB4,ALPHAR(2))
XCLCXS5{1)=1.056%XCLCXS(1)}

ARS(1)=2,

ARS (2)=3.

ARR{2)=5,

FAC"IO

CXS{1)=BHS(1)/(ARS({1)=FAC)

IF (CXS{1).LT.1le) FAC=FAC~,1

IF (CXS{1).LT.1.) GO TO 8
CXR{1)=BHR(1)/(ARR(1)=FAC}

IF (CXR{11.LT.1l.) FAC=FAC-,1

ITF (CXR{1).LT.1l.) GO TO &
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CXS(2)=BHS(2)/(ARS(2)#FAC)

IF (CXS{2).LTele} FAC=FAC~.1

IF {(CXS(2).LT.1.) GD TU 8
CXR{2)=BHR(2)/{ARR(2)*FAC)

IF (CXR(2).LTele) FAC=FAC~,1

IF {(CXR{2).LTs1l.) GO TO B8

DO 9 1=1,2

BCS{I)Y=XCLCXS(I)=CXS({1}

DO 10 I=1,2

BCR{T)=XCLCXR{I)=CXR(I)

CO 11 I=1,2
BSAS{I)=BHS({I)#XCLCXS{T}+CXS(I)=2,C30

DO 12 1=1.2
BSAR(II=BHR{I)#XCLCXR{I)*CXR{I)»*2,030

€0 13 1=1,2
PS{I)=PSIMS{I)#CXS{I)/{2.#SIN{.OYT75#B2S(1))*SIN{.OL75#B2S(1) )= (COT
IAN(.O01752B25(1))-COTAN{.C175#B1S{I})} 1))

CONTINUE

DO 14 1=1,2
PRO[I=PSIMR{I)#CXR(T)I/{2.#SIN(.0175#B2R(1))1*SIN(.0175=B2R{(I)}=(COT
1AN(.O175#B2R(I))-COTAN(.D175%B1R(I))))

CONTINUE

XMRC=2.%#3,14159=%RAE(2)

DO 15 I=1,2

BPRS(I)=XMRC/PSI{I)}

D0 16 1I=1,2

BPRR{I)=XMRC/PR(])

DO 17 I=1,2

TBSAS(T)=BPRS{I)+BSAS(I)

DD 18 I=1,2

TBSAR(I)=BPRR{I)#BSAR{I)

WRITE (65,20) B1S(11,B1R{1)+B1S(2),B1R(2)

WRITE (6521) B2S(1),B2R{1},B25(2)+B2R(2)

WRITE (6422) ALPHAS(1),ALPHAR{(1),ALPHAS(2)},ALPHAR(2)
WRITE (6,23) XCLCXS(1)4XCLCXR{L)yXCLUXS{2),XCLCXR(2)
WRITE (63,24) CXS{1)4CXR{1) . CXS(2),CXR(2}

WRITE {6425) BSAS(1),B8SAR(1),B5AS{2),BSAR(2)
WRITE (6,26) PS{1),PR{1),PS{2).,PR(2) '

WRITE {6427) XMRC

WRITE {6628} BPRS{1)+BPRR{1),BPRS{2),BPRR(2)}
WRITE (6,29) TBSAS(1),TBSAR{1),TBSAS(2),TBSAR{2)
CALL COOLA

RETURN

FORMAT (1H1,54HINITIAL SURFACE AREA CALCULATIONS *xsesssssussssnss
1e%2,//)

FORMAT (1H ,45HBLADE ENTERING ANGLE.BETA 1,FOR ROWS 12s354=,4F12.
13) ‘

FORMAT (LM ,44HBLACE LEAVING ANGLE,BETA 2,FOR ROWS 152,3,4=,4F12.3
1)

FORMAT (1H ,4JHBLADE CAMBER ANGLE,PHI,FOR ROWS 1y2+3,4=,4F12.3)
-FORMAT (1H ,99HBLADE CAMBER LENGTH TO CHORD LENGTH RATIO FOR ROWS
11,2,3,6=,4F12.3)

FORMAT (1H ,30HAXIAL CHORDS FOR ROWS 142,3,4=,4F12.3)

FORMAT (1H ,36HSINGLE BLADE AREAS FOR ROWS 1424394=,4F12.3)

FORMAT (1H ,23HPITCH FOR ROWS 1+243,4=54F12.3)

FORMAT (1H ;26HMEAN RADIAL CIRCUMFERENCE=,F12.3)

FORMAT (1H ,33HNUMBER OF BLADES IN ROWS 1s2+3,4=04F12.0)



29 FORMAT (1H ,42HTOTAL BLADE SURFACE AREAS IN ROWS 1,2:3,4=94F12.3)
30 FORMAT (215)
31 FORMAT (8F10.1)

32 FORMAT (15}

33 FORMAT (2F12.4)
END

$IBFTC BVD

FUNCTION BVTL (V1.V2}

COMMON /BVE/ BV{10,12},A8(2),LB(2},X(2)
DIMENSION BX(10,2)

EQUIVALENCE (BX,BV{l1,11))

BIVARIATE INTERPOLATION FOUR POINT FORMULA

o0

X{li=vl
Xt2)=v2
0O 4 I=1,2
c IS ARG BELOW RANGE OF TABLE
IF {(X{1)aLTeBX{1,I)) GO TO 2
c NG
N=LB({I)
DO 1 J=2.N
1 IF (X{IV.LE.BX(Jy1)) GO TO 3
2 WRITE (64+5) X(1),X{(2)
CALL EXIT
3 M=g-1
IF (1.EQel) K=M
4 ABCT)=AX(T)=BX{My 1)) /I{BX{Jy1)-BX(M,1))
I=K+1
BYTL=BV(KeM)I+(BV{IM}-BVIK,M)I*AB{L)+(BV(K,J)=BVIK,M))®AB{2)+(BV(K
LoM)+BV(TIoJ)-BV(I,M)-BVIK-J))#AB(1)#AB(2)
RETURN

Y EaNel

FORMAT (1H1,27HBIVARIATE INTERP ERROR V1= ,E10.2+5H V2= ,£E10.2)
END

$IBFTC DLINT

SUBROUTINE LINT (XX,NTAB,XTAB,YTAB,YY)
DIMENSION XTAB(1), YTAB(1)
DO 2 N=2,NTAB
IF (XX-XTAB(N)) 1l.1,2
1 N2=N
Nl=N-1
Go 710 3
2 CONTINUE
N2=NTAB
Ni=N2~-1
3 IF (YTAB{N1)~YTABINZ)) 5,4,5
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YY=YTAB(NL1)}
RETURN

5 IF (XTAB{NL)-XTAB{NZ2)) 7,6,7
6 YY=0.52(YTAB(NLI+YTAB(N2})
RETURN
7 B=(YTABIN2)~YTAB(NLY ) /(XTAB(N2)I-XTABINL)]

A=YTAB(N1)-B8=xTAB{NL)

YY=A+B# XX

RETURN

END

$IBFTC COOL DEBUG

SUBROUTINE COOLA

REAL K

COMMON /XLOUP/ RYsRYBGRWC,RDHT 4NWC,ITT,TESTY

COMMON /CFCT/ TCI,CORRFWCORRF YW TPPMTP(100) yUHC yWPSTAT(5) 4HTEMP
153 )

COMMON /SV/ XVAI(5)s XBAI(5) 4 XBAE(5),XVAE(5),SAVE.8HS(5),B8HR{5),RAE
10201, TGA(20) s WF o RAT{3)yRAHI3) yRHOLI(10) yRHOE(LU) 9 VEL(10),VILIL0) PP
2(10)sTT(10),CUNST2,CONST1sVILCI(10),GAMMA,R,DTR]1,DTR2,FAR, WETO,VXI
32, VXE2VXI1aVXEL

COMMON /CF/ BCS{10),BCR(10},TBSAS(10),TRSAR{10) + XMRC

DIMENSIGN BC(20)s BSA(20)s TGI{20)y, RI(2C),y RE{L20), RVA(20)s X(720),
1 VISCI20)s REAB{20), LONL(20}s HG(20), U(20), TMS(20), TMR(20), TM
280023420 )s QR{2D,20)s TMMICM{10,10), WCWE(L10,10)s TPN{L10), TWF{10),
3 TWFO(10), BSAD(10)s RVO(10), WL{10)s VCR({1D), VOVCR(10}s RORP(IC)
49 RVI10)y VXIE{4)y VXEL4), TPR{20), PR{2(), PRN(20), TCON{20), CONt
520), TMUL20), VIS{20), TOGART{(1G), EF(10), CXF(10), CPGLLID), RATCP{
61G)s BRAKT(1G) s, WCWEC(10), TGARTA(1C), PRW(10), CUNDG{1D), PRG(1")
7, VISC3(9), TPPN{50), TGAMAX(10)

DIMENSIGN BH{5), WBH{5), WCW{5), WRHO{5), WVEX(5), WCWT{5}, WDA(S5)
1, WANNAI{S), WBSA{S)

DIMENSION WCR({10)

DIMENSION TESTC(S0)

DIMENSION TTWF(10)

IF(ITTLGT.11GO TO 5001

READ(5,43)FARC,PF,DTY

PYD=0.

READ {5,42) NPID

NPTPR=NPTD

NP THMU=NPTD

NPTCON=NPTD

CO 1 I=1,NPTD

READ (5432) TPR{UIV+PRN({IN,VIS{I)LCONCE)

TMULT)=TPR(I)

TCON{TI=TPR(I)

1 CONTINUE

NTS=1

READ (%,43) (TMS{1),1=1,4TS)

NTR=1

READ (5543) (TMR{I)yI=1,NTR)
READ (5+43) THERME

READ (5,43) CPC

READ {5552) TwALLA



5001

10

TP2=TC1

NSTAGE=2

WRITE(6441)

WRITE (6+33)

WRITE (6434) PTD,FARC,PF,DTY

WRITE (6435) NPTD

DO 2 I=1,NPTD

WRITE (6434) TPROI)4PRN{T),VIS({I) . .CON(I)
WRITE (6437) NTSTMS{1),NTRyTMR(1)
WRITE (6,38) THERME,CPC,TWALLA
NROWS=2 «NSTAGE

NROWSP=NROWS+1

G=32.2

BC{11=RCS{1)

BC12)=BCRI1L)

BC(3)=BCS(2)

BC{4)=BCR{2)

BSA(1)=TBSAS(1}

BSA(2)Y=TBSAR(1)

BSA(3)=TRSAS{2)

BSA(4)=TBRSAR{Z)

WRITE (6447) BSA{1),B5A(2),BSA(3),85A(4)
WBSA(1)=BSA{1)

WB54(2)=85A(2)

WBSA{3)=BSA(3)

WBSA(4)=BSA{4)

RILI)=WF#144,2CORRFW/ (3,14159%(RAT({1)##2.-RAH{i)#%2.)])

AX=3.14159#(RAT(1)*%2 ,~RAH(1)#22,)

00 3 1=2,NROWS
RI(I)=RHOI(I)#VIL(I)=*CORRF

CONTINUE

DD 4 1=1,NROWS
RE(I)=RHOE({I)*VEL{I)=*CORRF

CONTINUE

TPN(1}=TGA(1)

TWF{1)=WF*CORRFW

CO S [=1,NRGWS

WC(1)=2.0

CO 6 [=2,NROWSP

TWELIY=TUF{1-1)

TPN{I)=TT(I)

WE=WET)#CORRFW

WRITE (6444} TCI

WRITE (6,39) THERME

WRITE (6549) HTEMP(1),HTEMP(2),HTEMP(3),HTEMP(4)
WRITE (6446) TGA(L),TGAL2),TGA(3),TGA(4)
CONTINUE

TGAMAX (1) =TGALL)I+PFa{TGAIL)~(TP24DTY))
TGAMAX{3)=TGA(3)+{(TGAMAX(1)~-TGA(L1})/2.
CO 8 I=1,NROWS

RVA{II=(RI(I)+RE(I))/ 2,

CONTINUE

STORE VALUES FROM PREVIOUS ITERATION
DO 9 I=1,NROWSP

TWECLT ) =TWF (1)

CONTINUE

DO 10 I=1,NROWS

BSAG(I)=BSA(I)

RVOLI)I=(RI(IV4+RELI}) /2.
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AXO=AX

CO 11 I=1,NROWS

X(I)=BC(I)/12.

CONTINUE

CO 12 [=1,NROWS

CALL LINT (TGA(I) ,NPTMU,TMU,VIS,VISC(1})
REAS(I)=(RVA(I)I#X(1)/VISC{I})n=.8

CONTINUE ‘

DO 13 I=1.NROKWS

CALL LINT (TGA(I)yNPTCON,TCON,CUON,COND(I})

CALL LINT (TGA(I) ;NPTPR,TPR,PRNsPR(I]})

COMPUTE BLADE OUTSIDE HEAT TRANSFER COEFFICIENT
HG(I1=o037=(PR{I)I**,33)«COND(I)#*REAS(I}/X(])
CONTINUE

CO 14 I=1,NRGWS

UCT)=H3(I)=BSA(I)/144.

CONTINUE

CO 15 J=1,NTS

TMA{1,J)=TMS(J)-PTD

TMA(3,J)=TMS(J)-PTD

CONTINUE

DO 16 J=1,4NIR

TMA(2:J)=TMR(J)-PTD

TMA(4, J)=TMR(J)-PTD

CONTINUE

NTM=NTS

DO 17 I=14NROWS

DO 17 J=1,NTM

QR J)=Ut1)} = (TGA(I)-TMAL(I,J))

CONTINUE

DO 18 I=1,NROWS

00 18 L=1,NTM

TMMTCM{T,L)=TMA(TI,L)-TCI

WCWELT s L)=QR(I L)/ {WE2CPCoTHFRME#«TMMTCM(I,L))

IF (WOWE(I L)alLTe04) WCWE(L,L)=0.
WC{I)=WCWE(I L) *WE

CONTINUE

WCL)=WC 1)« {TGAMAX{1)~TMALL+2})/{TGA(L)~-TMA(L,1})
WC(3)=WC(3)# (TGAMAX(3)-TMA{3,1))/(TGA{3)-TMA(3,1))
WCWE{1,1)=WC (1) /WE

WCWE(3,1)=WC(3)/WE

WCT=0.2

DO 19 T=1,NROWS

WCT=WCT+WC (D)

Y={wCT/WEY+YW

TWF{1)=WE#({Lle~Y)#(1e+FAR()

ADIABATICALLY MIX BLADE COOLANT FLOWS WITH GAS STRFAM
DO 20 I=2+.NROWSP

TWF{I)}=TWF{I=-1)+WC(I~-1)

TF (1.FQe2) TPNIII=({{(TWF{I-1)#TPN(I-1) 1)+ (WC(I-1)=TP2))/TuF(1)
TPPN(2)=TPN(2)+CONST2

IF {(1oEQe3) TPPN(II={TWF(I-1)#TPPN(I-1)+(WC{I-1)%#TP2))/TWF(I}
TPN(3)=TPPN(3)~-TPPMTP (3)

IF (14EQae4) TPNUI)={((TWF(I-1)=TPN(I=-1)))+(WC(I-1)=TP2})/THFII)
TPPN{&)=TPN(4)+CONST1 ‘

IF (1.EQeS) TPPNUI)=(TWF(I-1)=TPPN(I-1)+(WC{I-1)%TP2))/TWF(I)
TPN(5)=TPPN{(5)-TPPMTP(5)
VCR{T)=SQRT{{2.#GAMMA/ (GAMMA+1,.) ) #G#R«TPN(I1))
WCR(IN=SQRT{{Z2.#CGAMMA/ (GAMMA+1, ) ) #G#R=2TPPN(1))



20

21

22

© 23

25
3000

26

VOVCRIII=VILCI(I}/VCR(I])

RORP(I)={(1e~{ (GAMMA-1.)/ ({GAMMA+1,))#VOVCR(I)##2, ) %%(1./(GAMMA=1,))
CONTINUE

VXI(2)=VXI1l/VCR(2)

VXE{2)=VXEL/VCR{3)

VXI(4Y=VXI2/VCR(4)

VXE(4)=VXE2/VCR(5)

RICL)I=TWF(1l)#144./AX

00 21 [=2,NROWS
RICI)=(VIL(L)=PP(I)#RORP(I)/(R#TPN(I)))#CORRF
DO 22 I=1,NRDWS
RE{I)=(VEL{I)#PP(I+1)=RORP(I+1)}/(R*«TPN({I+1)))=CORRF
RY(II=(RI(I)I+RE(E))/ 2.

TGA{L)=TPNI(1)

TGA(2)=TPPN(2]}

TGA(3)=TPN(3}

TGA{4)=TPPN(4)

D0 23 I=14+NROWS

BSA(T)=BSAN{ )= (TWFE{L)/TWFOLT) )= {RVO(II/RVI{I))
AX=AX0#BSA{1)/BSAO0(1)
BH{1)=BHS(1)#B8SA(1)/WBSA(1)
BH{2)=BHR{1)*BSA{2)/WBSA(2)
BH{3)=BHS{2)*BSA{(3)/WBSA{3)
BH{4)=BHR(2)2BSA(4)/WBSA{4)

DO 24 I=1.NROWS

CHECK FOR SOLUTION

IF (ABS{BSA{I)-BSAO(I)).GT..00001) GO TO 7
WRITE {(6,4B) TGA(1l),TGA(2),TGA{(3),TGA(4)
WRITE (6453) TPN(2)sTPPNI{3),TPN(4)TPPNI(5)
WRITE (6,51) BSA{1),BSA(2),BSA(3),BSA(4)

DO 25 I=1+NRONWS

DO 25 L=14NTM

WRITE (6+45) I+TMA(I,L).WCWE(I,L)

CONTINUE

FORMAT(1H +»44HTURBINE WEIGHT FLOW AT EXIT OF ROWS 142¢354=,4F12.6)
IFINWC.EQ.1)GO TO 300

COMPUTE WALL COOLANT FLOWS

DO 26 1=1,NROWS

TGART(I)=TGA(I)~-150.
EF(I)={TWALLA-TGART(I NI/ (TCI-TGART(I})
CXF(I)=1s22X(1)

D=XMRL/{12.%3.14159)

CALL LINT (TGART(I)»NPTCON,TCON,CON,CONDG(I?)
CALL LINT {(TGART(I)eNPTPRsTPRyPRNsPRG(I))
CALL LINY {TGART(I),NPTMU,TMU,VIS,VISCG(I))
CPGLL)=PRG(I}*CONDGIL)/VISCG(I)
RATCP(I)=CPGLI}/CPC
TGARTAUII={TCI+TGART(T)) /2.

CALL LINT (TGARTA(I)sNPTPR,TPR,PRN;PRW(I})
BRAKT(II={ (19 (PRWLI)*##,66T))/EF(I))-1.
VISGG=VISCG(]I])

WCWECTI ) ={.329*RATCP LI = (VISGG%# . 2)#{(RV([)#2,.8)%(.823,141594D/WE )=
LICXF(I)=%.8))/BRAKT(])

WCWEC{T ) =2, #WCWEC( ) )

IF (WCWECTI).LT.0.0) WCWEC(I)=0.0
WCWIT)=WCWEC(T)=WE

CONTINUE

WRITE (6+4C) TWALLA
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WCWECT=0,
BO 27 1I=1,NROWS
WCWECT=WCWECT+WCWEC( )
27 CONTINUE
CO 28 I=1,NROWS
WRITE (6+53) I.WCWECII)
28 CONTINUE
RTCI=R=TCI
WRHO{1)=WPSTAT({L1)/RTCI
WRHO(2)=WPSTAT(2}/RTCI
WRHO(3 1 =WPSTAT(3)/RTCI
WRHO(4)=WPSTAT(4)/RTCI
WVEXtl)i=VXIl/2.
WVEX{2)=VXEL/2.
WVEX{3)=VXI2/2.
WVEX{4)=VXE2/2.
WCWT{1)=WCW(1)
D0 29 I1=244
29 WCWT (L) =WCWT{I-1)+nCW(I}
Do 30 I=1'4
WDA(I)={WCWT({I )}/ {WRHO(T)#WVEX{I)))nl44,
WANNALT ) =XMRC*BH(1I)
30 WBH{I)=BH(I)={WANNA(T)+WDA(TI)}/WANNA(I)
300 CONTINUE
IFINWCLEQ.1)WCW({1)=0.0
IF(NWC.EQ.1)WCW({2}=0.0
IFINWC.EQ.1)WCHW{3)=0,0
IF({NWC.EQ.1)WCW(4)=0.0
TTHF{2)=THWF{2)+HCH (1)
TTWF{3)=TWF{3)+kCW L1} +UWCR(2)
TTWF{4)=TWF(4)+WCH (LI +WCHW(2)+HWCW(3)
TTWFI(S)=TWF(S)+WCHWIL ) +WCH{2)+HCW {3 ) +HWCW(4)
WRITE{6:90C0)TTWF(2) o TTWF(3) 2 TTWF(4),TTWF(5)
IF(NWC.EQ.1)WRITE(6+64)BHI1) +BH{2)4BH(3),BH(4)
IF(NNCLEQ.2)WRITE(6,65)WBHI{L1),WBH{2),WBH(3),WBH(4)
YB=WCT/WE
YW=UWCWECT
IFINKC.EQ.L1)YH=0,
Y=Yw+YB
WRITE (6466) VXI{2)sVXE(2) VXI{4)sVXE(4)
IFINWC.EQ.1IWRITE(6:62)TPN(5)
IF{NWC.EQ.1)GD TO 302
WTPE={TPNI(S)#TWFIS)+TCI*WCWECT*WE) /{THWF(S5)+WCWECT#=WE])
WRITE {6+63) WTPE
302 CONTINUE
WRITE (64+467) HGI1)+HG(2) HG(3),HG{4)
WRITE (6,68) VCR{Z2),VCRU3},VCR{4),VCR(5)
WRITE{6:69)IWCR{2)¢WCR(3) 4WCR{4) JWCR(5) ]
69 FORMAT (1H ,54HCRITICAL RELATIVE VELOCITIES AT EXITS OF ROWS 1:2+3
194=+4F12.3}
WRITE {6,54)
c COMPUTE VALUES FOR RERUN IF NECESSARY
TESTC(ITT)=ABS{Y-TESTY)
IF(TESTC(ITT) oLE.ODLIO)IWRITE(6,6000)
6000 FORMAT(1H ,54HTHE LAST SET OF OUTPUT CONTAINS THE CONVERGED SOLUTI
1CN)
[IF(TESTC{ITT).LE..DO10}STOP
IF(ITT.EQ.1) GO 7O 31
IF(ABSI{TESTC{ITT)-TESTC(ITT-1)).LT..0005)G0 TO 500
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31

500

32
33
34

35
36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
62
63
64

65

CONTINUE

WON=WE# {1l +FAR®(1.-Y}-Y)
DHCB=1.4.5#{VYB/((1la=Y)#{1.+FAR)}}}#(TCI/TGA(1))
DHTN=DHC/{({(1.-Y)#{1.+FAR))=DHCB)

RYB=Y8B
RY=Y

RDHT=DHTN

RWO=WON

RETURN

IF{Y.BT.TESTY)Y=Y-TESTCLITT)/2.
IF{Y LT TESTY)Y=Y+TESTC(ITT) /2.

YB8=Y-YW

GO 1O 31

FORMAT (4F12.7)

FORMAT (1H ,12HINPUT DATAs=») .

FORMAT (1H ,4HPTD=,F8435 17X, 5HFARC=yF843+16Xs3HPF=,FB8.3418Xs4HDTY=
1:,F8.3)

FORMAT (1H ,S5HNPTD=,13)

FORMAT (1H 364HTPR=oF8.33 17Xy 4HPRN=F8.3,17Xy4HVIS=,E9.3,517Xs4HCON=
1,E9.3)

FORMAT (1H ¢4HNTS=,13,22X,4HTMS=3F8.3,17X,4HNTR=,13,22Xy4HTMR=,F8.
13)

FORMAT (1H s THTHERME=,3FB8,.,3,14Xs4HCPC=3FB8e3 31 TX s THTWALLA=,FB.347/7)
FORMAT {1H ,44HASSUMED BLADE THERMAL COOLING EFFECTIVENESS=sF8.3)
FORMAT {1H ;31HASSUMED WALL METAL TEMPERATURE=,F12.6)

FORMAT (1H1,40HCOOLANT CALCULATION #xswsxassasxisxexntns,//)

FORMAT (I3)

FORMAT (6F12.6)

FORMAT (1H ,26HCOOLANT INLET TEMPERATURE=,F12.3)

FORMAT (1H +34HASSUMED METAL TEMPERATURE FOR ROW(,1242H)}=,F12.3,10
1Xy25HBLADE COOLANT FLOW RATIO=4F12.6)

FORMAT (1H +57THINITIAL TOTAL INLET TEMPERATURE RELATIVE TO ROWS 1,
129394=434F12,.3) .

FORMAT (1H »S1HINITIAL TOTAL BLADE SURFACE AREAS FOR ROWS 1323344=
1:4F12.3) :

FORMAT {(1H »S5THREVISED TOTAL INLET TEMPERATURE RELATIVE TO ROWS 1,
12¢344=494F12.3)

FORMAT (1H ¢56HINITIAL TOTAL EXIT TEMPERATURE RELATIVE TO ROWS 1,2
1'314='§F1203’

FORMAT (1H-,56HREVISED TOTAL EXIT TEMPERATURE RELATIVE TO ROWS 1,2
1'314'-:9 4F1203,

FORMAT (1H ;51HREVISED TOTAL BLADE SURFACE AREAS FOR ROWS 142,3,4=
1,4F12.3)

FORMAT (E12.3,F12.3)

FORMAT (1H ,32HWALL CCOLANT FLOW RATIO FOR ROW(+12,2H)=4F12.6)
FORMAT (1H 3///+20X20Hessennnnnnunnnnnnanne,///)

FORMAT (1H ,SOHTURBINE EXIT TOTAL TEMPERATURE WITH BLADE COOLANT=,
1F12.3)

FORMAT {1H ,S59HTURBINE EXIT TOTAL TEMPERATURE WITH BLADE AND WALL

1COOLANT=,F12.3)
FORMAT{1H ,58HAVERAGE BLADE HEIGHTS FOR ROWS 1+2,3,4 WITH BLADE CO

‘LOLANT=,4F12.3)

FORMAT(1H ,6THAVERAGE BLADE HEIGHTS FOR ROWS 142,354 WITH BLADE AN
1D WALL COOLANT=,4F12,.3)
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66

67
68

50

FORMAT {1H
1RS=,4F12.3)
FORMAT (1H
FORMAT {1H
ly4=,4F12.3)

END

s S4HREVISEC VXI AND VXE FOR FIRST AND SECOND STAGE ROTO

+43HAVERAGE H.T. COEFFICIENTS FOR RUWS 1925394=,4E12.3)
1 54HCRITICAL ABSOLUTE VELOCITIES AT EXITS OF ROKWS 1,243



RHRTI1
RHRTI2
14

APPENDIX C

SYMBOLS

area

area ratio, Aa, I/Aa, 2

blade height

blade camber length

specific heat at constant pressure
blade axial chord length

diameter .
primary burner fuel-air ratio
convective heat-transfer coefficient
specific enthalpy change

thermal conductivity

turbine rotative speed

blade pitch

"

pattern factor, (T g, max

- TY/(Ty - T} )

Prandtl number

pressure

available heat sink

required heat sink

gas constant

FORTRAN symbol for first assumed hub-tip radius ratio
FORTRAN symbol for second assumed hub-tip radius ratio
turbine hub reaction

radius

temperature

blade thickness

blade speed

51



\'4 absolute velocity

VXEL FORTRAN symbol for limiting value on (VX/V er)

VXIL  FORTRAN symbol for limiting value on (VX/Vcr)lii:,,
VXEI FORTRAN symbol for limiting value on (VX/V cr)
vXa FORTRAN symbol for limiting value on (VX/V c r)l’
w relative velocity

w weight flow

B angle of relative velocity from tangential

v specific heat ratio

n turbine efficiency

Thy blade thermal cooling effectiveness

p density

T stage work fraction

1) ‘blade camber angle

Y aerodynamic (tangential) blade loading coefficient
7 constant, 7 = 3.14159

Subscripts:

a annulus

BM blade metal

b blade(s)

c compressor

cr critical, corresponding to conditions at Mach 1

E engine

g turbine main gas stream

H value at hub radius

i indicates substitution at HUB(H), MEAN(M), or TIP(T)
M value at the mean radius

max maximum value

n nth iteration

S surface
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T value at tip radius

TOT total

t turbine

u component in direction of blade speed vector

w wall

™

component in turbine axial direction
cooling air

Zwéifel (from ref. 5)

inlet

exit

first stage

second stage

first blade row

second blade row

third blade row

EEHH®@NHN‘<§

fourth blade row

Superscripts:

- average value

" total state condition relative to rotating blading

' total state condition relative to stationary blading
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TABLE 1. - DEFINITION OF UNITS USED IN

COMPUTER OUTPUT

Parameter Units
Pressures 1bf, ftz
Temperatures YR
Velocities ft sec
Densities 1bm f13
Angles degree
Lengths inches
Areas in. 2
Convective heat-transfer coefficients | Btu/ (sec)(ft2)(°R,\
Turbine weight flows lbm/sec
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Figure 1. Nomenclature,
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Stator aerodynamic loading coefficient, ¢

L6

Data from ref. 5 for ’l’z =0.8

% — — Extrapolated data
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Figure 2. - Variation of turbine blade camber
angle with blade entering and leaving angle.

Stator blading
surveyed
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L First stage
O Second stage
a— O  Third stage 0O
L Open symbols denote -
uncooled blades
Solid symbols denote
1. 2}— cooled blades
Tailed symbols denote
straight-backed blades
10—
O
8 “
®
b—
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Figure 3. - Variation of stator zerodynamic loading coefficient with
leaving angle for several government and commercially developed
turbines.
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